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ABSTRACT
Apparatus i s  d escrib ed  fo r  measurement of r e c t i f i c a t i o n  v o ltag e s  
by a p p lic a tio n  of a sh o rt s in g le  pulse (a few m illisec o n d s  o r lo n g e r)  
of a l te r n a t in g  v o ltag e  up to  2 megacycles p e r  second. E xperim ental 
r e s u l t s  f o r  d isch a rg e  o f mercurous ion  in  p e rc h lo r ic  a c id  on m ercury 
and th e  T i(IV ) -  T i ( l l l )  couple in  t a r t a r i c  a c id  medium a t  a d rop ­
ping  mercury e le c tro d e  a re  g iv en .
I t  i s  shown th a t  two ty p es  o f c o n tro l must be considered  s im u l­
ta n e o u s ly , namely c o n tro l o f  th e  mean and a l t e r n a t in g  components o f 
th e  c u r re n t o r p o te n t ia l .  In  p r a c t ic e ,  the  a l te r n a t in g  c u r re n t o r 
p o te n t ia l  i s  an e s s e n t i a l ly  harm onic-free s in u s o id a l fu n c tio n  of tim e , 
and e i th e r  th e  mean c u rre n t i s  equal to  zero ( I  = 0) or th e  mean 
p o te n t ia l  i s  equal to  th e  eq u ilib riu m  p o te n t ia l  (E = EQ) .  The r e c t i ­
f ic a t io n  v o ltag e  o r the r e c t i f i c a t i o n  c u r re n t i s  th e  same re g a rd le s s  
of c o n tro l  o f th e  a l te r n a t in g  component, and th e  second harmonic com­
ponent of cu rren t o r p o te n t ia l  r e s u l t in g  from r e c t i f i c a t i o n  i s  th e  
same re g a rd le s s  o f c o n tro l o f  th e  mean component.
A g en era l equation  d e riv ed  by Delahay, Senda and Weis fo r  th e  
r e c t i f i c a t i o n  v o ltag e  fo r  c o n tro l a t  I  = 0 w ithou t assum ption about 
th e  form o f th e  I-E  c h a r a c te r is t ic  i s  verified ex p e rim en ta lly  as  
w e ll a s  p a r t ic u la r  forms of t h i s  eq u atio n  in  term s o f th e  r e s i s t i v e  
and c a p a c it iv e  components o f th e  s e r ie s  e q u iv a le n t c i r c u i t  fo r  th e  
fa ra d a ic  impedance.
The tim e-dependence o f th e  r e c t i f i c a t i o n  v o ltag e  as derived  by 
D elahay, Senda and Weis by co n s id e ra tio n  o f th e  double lay e r  charg ing  
w ithout and w ith  r e c t i f i c a t i o n  from th e  double la y e r  i s  a lso  v e r i f ie d
v i i i
ex p e rim en ta lly . The in flu en c e  o f th e  app lied  v o lta g e , frequency and 
re a c ta n t  co n ce n tra tio n s  i s  d iscu ssed  and s tu d ie d  e x p e rim en ta lly . 
L im ita tio n s  imposed by th e  c i r c u i t  r e s is ta n c e  and th e  p o s s ib i l i ty  o f 
g en e ra tio n  of one r e a c ta n t  in  s i t u  a re  a ls o  covered.
I t  i s  concluded th a t  th e  k in e t ic  s tudy  of very  f a s t  re a c tio n s  
should  s t i l l  be f e a s ib le  when o th e r methods f a i l  because in te r fe re n c e  
by th e  double la y e r  c a p a c ity  i s  avoided and the in flu en ce  of th e  c e l l  
r e s is ta n c e  i s  g re a t ly  m inim ized.
CHAPTER I
INTRODUCTION
l )  N ature and Purpose of F aradaic  R e c ti f ic a t io n  Study
The c u r re n t—p o te n t ia l  r e la t io n s h ip  fo r  an e le c tro d e  p ro cess  i s  
determ ined by the charge t r a n s f e r  p ro c e ss , th e  mass t r a n s f e r  p rocesses 
fo r  r e a c ta n ts  and products of r e a c t io n ,  and p o s s ib ly  by homogeneous or 
heterogeneous chem ical re a c tio n s  coupled w ith  the charge t r a n s f e r  p ro­
c e s s , The main goals  of e lec tro ch em ica l k in e t ic s  a re  (a) to  c h a ra c te r iz e  
th e  charge t r a n s f e r  p rocess by k in e t ic  param eters (b) to  measure th ese  
p a ram e te rs \ and (c) most im p o rtan tly , to  use th e se  param eters in  
e lu c id a tio n  and c o r re la t io n  of r e a c tio n  mechanisms,, A number o f 
methods have been developed fo r  th a t  purpose among which fa ra d a ic  
r e c t i f i c a t i o n  i s  th e  l e a s t  ap p lied  and l e a s t  u n d ersto o d . This method 
i s  based on th e  s tudy  o f th e  r e c t i f i c a t i o n  occuring  a t  an e le c tro d e ­
e le c t r o ly te  boundary when th e  c u rre n t and e le c tro d e  p o te n t ia l  are  
p e r io d ic  fu n c tio n s  of tim e a t  r a th e r  high freq u en c ie s  (up to  s e v e ra l 
megacycles per s e c . ) .
In  o rder to  d iscu ss  th e  fundam ental p r in c ip le s  involved and the 
reason  fo r  such a s tu d y  we s h a l l  rev iew  b r ie f ly  some fundam entals of 
e le c tro d e  k in e t ic s  along th e  l in e s  of a  re c e n t review  on th e  s u b je c t ,^
"h3. D elahay, "The Study of F as t E lec tro d e  R eactions by R elax a tio n  
M ethods", Chapter 5 in  "Advances in  E lec tro ch em is try  and E le c tro ­
chem ical E ng ineering", P„ Delahay and C, W„ T obias, e d i to r s ,  In te rs c ie n c e  
P u b lish in g  Co,, New York, in  course o f p u b lic a tio n .
1
2We co n s id e r a sim ple e le c tro d e  r e a c t io n  co rrespond ing  to  th e  eq u a tio n
Q  -f- - t l  e  R. 0  - 1)
where both  components a re  so lu b le  in  the  e le c t r o ly te  a n d /o r  e le c tro d e .  
A ccording to  id e a s  o f B u tle r  (1924) s Erdey-Gruz and Volmer (1930), 
th e  c u r re n t  d e n s i ty - p o te n t ia l  r e la t io n s h ip  fo r  t h i s  p ro cess  i s
i = i
ok/A. F 
RT r-( i -  oc) -vy. FR T (1-2)
where I a i s  th e  ap p aren t exchange c u rre n t d e n s ity ,  a param eter o f th e  
r e a c t io n  k in e t ic s ^  o(_, th e  t r a n s f e r  c o e f f i c i e n t ,  a second param eter 
n ecessa ry  to  c h a ra c te r iz e  th e  r e a c t io n  k i n e t i c s e q u a l  to  E -  E , 
i s  th e  o v e rv o lta g e , 1 ,6 , ,  th e  d if f e re n c e  between th e  e le c tro d e  po ten ­
t i a l  E a t  th e  c u rre n t d e n s ity  I  and the  e q u ilib riu m  p o te n t ia l  E a t  
I. -  0 . R, T, F have t h e i r  u su a l p h y s ic a l ch em istry  meaning. I f  th e re  
i s  mass t r a n s f e r  p o la r iz a t io n ,  i . e . ,  i f  th e re  i s  slow supp ly  of r e ­





( i -■*-) n  F 
R T J (1-3)
where G° and a re  th e  c o n c e n tra tio n s  o u ts id e  th e  d i f f u s io n  l a y e r 5 
C-q and Gpj a re  th e  co n c e n tra tio n s  a t  th e  e le c tro d e  in  th e  absence o f 
any double la y e r  c o r re c tio n  fo r  th e  c o n c e n tra tio n  p r o f i l e s .  I f  qp 
i s  sm all ( j'pf R F ) eq u a tio n  (1- 3 ) can be l in e a r iz e d  w ith




-F 1 ( ac R I ( 1 - 4 )
from eq u atio n  (1=4 ) we can see t h a t  th e  c u r re n t d e n s ity  p o te n t ia l  
r e la t io n s h ip  depends on term s due to  k in e t ic  param eters ( 1 /  1° )3.
and on mass t r a n s p o r t ( c > C /a I ) .  I t  fo llow s from eq u a tio n  (1=4 ) th a t
3in  o rd e r to  study in h e re n tly  f a s t  r e a c t  ions , i . e . ,  re a c tio n s  w ith  a 
la rg e  exchange c u r re n t d e n s ity , we have to  minimize th e  mass t r a n s f e r  
term s in  equation  (1-4)» T his i s  ach ieved  by measurements e i th e r  of 
sh o rt d u ra tio n  (down to  one m icrosecond) or a t  h igh  freq u e n c ie s .
According to  equation  (1 -3 ) the c u r re n t d e n s i ty -p o te n t ia l  r e ­
la t io n s h ip  is  n o t l in e a r  and i s  no t n e c e s s a r i ly  sym m etrical, i . e . ,
I ( y )  ±  1  (_-pj 0 ~ 5 )
n o n - l in e a r i ty  and asymmetry o f  th i s  c u r re n t d e n s i ty -p o te n t ia l  curve 
causes r e c t i f i c a t i o n  as i s  w e ll known from  the  study of I  -  E ch arac­
t e r i s t i c s  in  e l e c t r i c a l  c i r c u i t  th e o ry . F aradaic  r e c t i f i c a t i o n  g ives 
in fo rm atio n  on th e  e le c tro d e  re a c t io n  k in e t ic s  through measurement of 
r e c t i f i c a t i o n  e f f e c t s .  High freq u en c ies  a re  chosen to  render i n t r i n s i c  
k in e t ic s  e f fe c ts  predom inant over mass t r a n s p o r t  e f f e c t s .
2) P revious Work
2F aradaic  r e c t i f i c a t i o n  was d iscovered  by Doss and Agarwall who
d esig n a ted  i t  as th e  i;red o x o k in e tic "  e f f e c t .  The ex p ressio n  „ fa rad a ic
3 4r e c t i f i c a t i o n 1’ used here was coined by Oldham. Doss and Agarwall 
derived  th e  s h i f t  of mean p o te n t ia l  fo r  a p a r t ic u la r  c o n tro l in  th e
2
K.S.G. Doss and H. P. A garw all, "A New P o la r iz a tio n  E ffec ts  
Redoxokinetic P o te n t ia l1’, J .  S c i . I n d u s t r . R es. In d ia  9B, 280 (1950).
■^ K. B. Oldham, ’’F aradaic  R e c ti f ic a t io n ;  Theory and A pp lica tions 
to  th e  Hg£ /Hg E le c tro d e ,” T ran s . Faraday Soc. 53. 80 (1957/.
^K.S.G. Doss and H. P. A garw all, "The Theory o f the Redoxokinetic 
E ffe c t and a G eneral Method fo r  the  D eterm ination  o fo C o f  a b so lu te  
R eaction R a tes ,"  P ro c . In d ian  Acad. S c i . . 34A, 263 (I95 l)«
s p e c ia l  case o f  r e a c ta n ts  and p ro d u c ts  hav ing  equal c o n c e n tra tio n s  and
d if f u s io n  c o e f f ic ie n ts . ,  These a u th o rs  a ls o  p o in ted  o u t th e  a p p lic a t io n s
5-7to  k i n e t i c s . B arker, F a i r c lo th ,  and Gardner t r e a te d  the same problem 
w ith o u t th e  above r e s t r i c t i v e  c o n d itio n s  and were th e  f i r s t  t o  f u l l y  
r e a l i z e  and dem onstra te  th e  p o t e n t i a l i t i e s  o f fa ra d a ic  r e c t i f i c a t i o n  
in  th e  study o f  f a s t  e le c tro d e  p ro c e ss e s . They a ls o  a n a liz e d  a v a r ie ty  
o f e le c tro d e  p ro c e sse s . Vdovin a ls o  d e riv e d  th e  s h i f t  o f mean po ten ­
t i a l  i n  th e  same way as B arker e t  a l .  but in d ep en d en tly  of the  l a t t e r  
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a u th o rs .  Oldham a tta c k e d  t h i s  problem  b u t h is  d e r iv a t io n  co n ta in s
an e r r o r  which he has s in c e  c o r re c te d . F u r tb e r  work on th e o ry  was done
10by Matsuda and Delahay who d e riv ed  th e  r e c t i f i c a t i o n  c u rre n t- tim e  
dependence f o r  an o th e r  p a r t i c u la r  c o n tro l  and analyzed  th e  e f f e c t  o f 
th e  double la y e r  s t r u c tu r e .  A d d itio n a l c o n tr ib u tio n s  to  th e o ry  were
c
^G. G. B arker, "Square Wave P o larography  and some R ela ted  Tech­
n iq u e s" , A nal. Chlm. A cta. IS , 118 (1958).
^G„ C. B ark er, R. L. F a i r c lo th  and A. W. G ardner, "Use of F aradaic  
R e c t i f ic a t io n  f o r  th e  Study of Rapid E lec tro d e  P ro c e sse s" , N atu re ,
181. 247 (1958).
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G. C. B arker uFaradaic R e c t i f ic a t io n " ,  T ran sac tio n s  o f th e  
Symposium on E lec tro d e  P ro ce sse s . P h ila d e lp h ia , 1959, E. Yeager, 
e d i to r ,  W iley, New York, I960.
&In . A. Vdovin, "The Theory o f  the F aradaic  R e c t i f ic a t io n " ,
Doklady Akad. Nauk S .S .5 .R . .  120. 554 (1958).
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K. Bo Oldham, o£. c i t .
■^H. Matsuda and P . D elahay, "F aradaic  R e c t i f ic a t io n  w ith  Con­
t r o l  o f  A lte rn a tin g  P o te n t ia l  V a r ia t io n s " ,  J .  Am. Chem. Soc. . 82,
1547 ( I 960) .
11 12 made by Delahay;, Senda, and Weis and by Senda and Delahay. The
13work of F o u rn ie r  who s tu d ie d  the d i s to r t io n  o f po larog raph ic  waves 
upon su p erim p o sitio n  of an a l t e r n a t in g  vo ltag e  of r e l a t iv e ly  la rg e  magni 
tude (perhaps 0 .1  V o lt) i s  r e la te d  to  fa ra d a ic  r e c t i f i c a t i o n .  This 
a u th o r , however, d id  no t even a llu d e  to  th e  p o s s ib i l i t y  of a p p lic a tio n  
to  e le c tro d e  k in e t ic s  and lim ite d  h e r s e l f  to  experim en tal o b se rv a tio n s .
A sound b a s is  f o r  her o b serv a tio n s  was given by Tachi and co w o rk e rs^  
(and fo u r p rev ious papers in  th e  s e r ie s )  but th e se  au th o rs  d id  no t 
co n s id e r fa ra d a ic  r e c t i f i c a t i o n  as d iscu ssed  below . A pp lica tio n  to  
k in e t ic s  was examined by T achi and c o lla b o ra to rs  but only  fo r  i r r e ­
v e r s ib le  p o la ro g rap h ic  waves.
3) Q u a li ta t iv e  D iscussion  of Types of C ontro l
I t  was noted in  th e  f i r s t  p a r t  of th i s  ch ap te r th a t  th e re  c o r re ­
sponds to  an e le c tro d e  -  e le c t r o ly te  boundary an I-E  c h a r a c te r i s t i c .
To t h i s  r e la t io n s h ip  th en  corresponds an impedance. In  p ra c t ic e  how­
ever we can only  use an e n t i r e  c e l l  formed by two e le c tro d e s , th a t  i s  
two impedances in  s e r i e s .  By making one e le c tro d e  of an e le c t r o ly t ic  
c e l l  much la r g e r  th en  th e  o th e r we ren d er one impedance n e g lig ib le  w ith  
re sp e c t to  th e  o th e r . Furtherm ore e le c tro d e  = e le c t r o ly te  impedances 
a re  more complex than  in d ic a te d  by eq u a tio n  (1- 3 ) because charges on 
th e  two s id e s  of th e  boundary
^ P .  Delahay, M„ Senda, and C. H„ Weis, "Faradaic R e c ti f ic a t io n  
and E lec tro d e  P ro c e sse s" , J .  Am. Chem. Soc. .  in  course of p u b lic a tio n .
12M„ Senda and P. Delahay, unpublished in v e s t ig a t io n s .
F o u rn ie r , "In fluence  de la  frequence de la  te n s io n  app liquee 
a une e le c tro d e  a gou tte  de m ercure. Etude des courbes po larograph iques 
Compt-. re n d . Acad. S c i . P a r i s , 232. 1673 (1951)°
^M . Senda and I .  Tachi, "S tud ies on A. C. Polarography. V. 
Theory of R eversib le  Wave", B u ll . Chem. Soc. Japan, 28, 632 (1955)°
(double l a y e r ) form a c a p a c ito r .  The e le c tro d e  impedance i s  b e t t e r
re p re se n te d  by a c a p a c ito r  (double la y e r  c ap a c ity )  in  p a r a l l e l  w ith
th e  impedance due to  th e  e le c tro d e  r e a c t io n .  The l a t t e r  i s  c a l le d
15„ fa ra d a ic  impedance" acco rd in g  to  Grahame's su g g e s tio n . These two 
elem ents fu r th e r  a re  in  s e r ie s  w ith  th e  ohmic r e s is ta n c e  of th e  e le c ­
t r o l y t e  and e le c tro d e s .
We can in  p r in c ip le  c o n tro l  c u rre n t th rough th e  above com posite 
impedance or th e  v o ltag e  ap p lie d  ac ro ss  t h i s  im pedance„ The c o n tro l  
f o r  th e  fa ra d a ic  impedance depends fu rtherm ore  on th e  r e l a t iv e  o rd e r 
of m agnitude o f Zc -  l/COCg and Z^ where Zc i s  the  impedance due to  
double la y e r  c a p a c ity  , and Z^ , i s  the  fa ra d a ic  impedance.
Since in  fa ra d a ic  r e c t i f i c a t i o n  we a re  d e a l in g  w ith  a l t e r n a t in g  
and c o n s ta n t components of p o te n t ia l  and c u rre n t we can have s e v e ra l  
d i s t i n c t  k inds of c o n tro l .  This can be shown as  fo llo w s . In  th e  
th e o ry  of e l e c t r i c a l  c i r c u i t s  an impedance i s  d efin ed  by
(1-6)
where Z may be a fu n c tio n  of E or I .  F u r th e r , tim e dependent po ten­
t i a l  and c u r re n t can be w r i t te n  as
E ® E 0 + E, i- 4  (zujt +   ( 1 - 7 )
and
i 0 -+ x, - > ~ ( w t +  < £ ,)  -t +- & ) + ........  ( i - s j
^ D .  C. Grahame, "M athem atical Theory of F arad a ic  adm ittance 
(P seudocapacity  and P o la r iz a tio n  R e s is ta n c e ) 1 , J .  E lectrochem . Soc.
£9 , C370 (1952),
7In  common e l e c t r i c a l  c i r c u i t  a n a ly s is ,  in  g e n e ra l, E or I  i s  imposed and 
I  or E i s  determ ined . Thus, we a re  imposing a r b i t r a r y  v a lu e s  fo r a l l  
Ei  (or 1^) and having as dependent v a r ia b le s  a l l  1^ (or E^)„ This i s  
what we w i l l  c a l l  a sim ple c o n t r o l .
In fa ra d a ic  r e c t i f i c a t i o n  p ra c t ic e  we w i l l  see th a t  i t  may be more 
convenien t to  f ix  some E_^  and 1^ and have th e re fo re  the rem aining E  ^
and I j  a s  dependent v a r ia b le s .  This we w i l l  c a l l  complex c o n tro l . ^
At f i r s t  l e t  us n e g le c t com plications due to  the double layer 
c a p a c ity  and e le c t r o ly te  r e s i s ta n c e .  The ty p e s  o f c o n tro l ac ro ss  th e  
fa ra d a ic  impedance o f p r a c t ic a l  r e a l i s a t i o n  fo r  fa ra d a ic  r e c t i f i c a t i o n  
study  a re  of th e  form o f a co n s tan t component c o n tro l  (D. C o n tro l) 
a s so c ia te d  w ith  an a l te r n a t in g  component c o n tro l  (A, C o n tro l) . The 
four more im portan t cases a re ;
Case I
D.—C ontrols The mean c u rre n t th rough th e  
fa ra d a ic  impedance, i . e . ,  th e  D, C. c u r re n t 
component, i s  kept zero  (1 = 0 ) .
A._Controls a s in u s o id a l a l te r n a t in g  
c u rre n t f r e e  of harmonics passes through 
th e  fa ra d a ic  impedance (s in u so id a l c u rre n t)
Case I I
D ._Controls as in  Case I  (I  “ 0)
A ._Controls a s in u so id a l a l t e r n a t in g  v o ltag e
free  o f  harmonics i s  app lied  ac ro ss  the  
fa ra d a ic  impedance (s in u s o id a l  v o lta g e )
Case I I I
D,—C ontrols th e  mean e le c tro d e  p o te n t ia l ,  i . e . ,  th e  
D.C. p o te n t ia l  component i s  kep t constan t and equal 
to  th e  e q u ilib riu m  p o te n t ia l  (E = Eg )
A. C ontrols as in  case I  ( s in u s o id a l c u r re n t)
We are  not analyzing  the  fundam ental problem of when and how f a r  
t h i s  i s  p o ss ib le  in  g en e ra l. The fa ra d a ic  r e c t i f i c a t i o n  th eo ry  shows 
th a t  under c e r ta in  co nd itions t h i s  seen® to  be a good approxim ation of 
a c tu a l  fa ra d a ic  impedance b eh av io r.
6Case IV
D ojC ontrols as  in  case I I I  (E “ E )
A ojControls as  in  case  I I  ( s in u s o id a l  v o lta g e )
These fo u r  cases w i l l  be d isc u sse d  on the assum ptions t h a t  E = 0 
and th a t  th e  id e a l iz e d  ap p a ra tu s  of F ig . 1 i s  used . The case i s  which 
Ee^  0 reduces to  th e  p re se n t s in ce  an id e a l  b a t te r y  can always be 
assumed to  be in  s e r ie s  w ith  th e  c e l l  so th a t  th e  t o t a l  v o ltag e  i s  
e q u a l to  zero  a t  e q u ilib r iu m . The sw itch es  in  F ig . 1 a re  id e a l  w ith  
no sw itch in g  d e lay . In  a l l  cases  th e  sw itch  i s  i n i t i a l l y  in  p o s it io n  
2 , i . e . ,  th e  c e l l  i s  a t  eq u ilib riu m  and th e  v o ltm e te rV  read s  E = Ee = 0 . 
The a l t e r n a t in g  c u rre n t o r  p o te n t ia l  i s  th e n  ap p lie d  by sw itch in g  from 
2 t o  1 . Two a l te r n a te  in te r ru p t io n s  o f th e  a l te r n a t in g  c u rre n t or 
p o te n t i a l  p u lse s  w i l l  be d isc u sse d , ( l )  The c e l l  i s  s h o r t - c i r c u i te d  
so t h a t  th e  c u r re n t  r e s u l t in g  from sw itch in g  back from  1 to  3 can be 
m easured in  ammeter 1^ . (2) The c e l l  c i r c u i t  i s  opened to  measure any
d r i f t  of p o te n t i a l .
Case I  (F ig . l a )
Box A re p re s e n ts  an i d e a l  s in u s o id a l c u r re n t so u rc e j C is  a s u f f i ­
c i e n t ly  sm all b lo ck in g  c a p a c i to r .  Turning on the a l t e r n a t in g  c u rre n t 
(2 to  l )  w i l l  r e s u l t  in  th e  appearance of a r e c t i f i c a t i o n  v o ltag e  
i . e . ,  th e  asymmetry o f th e  fa ra d a ic  impedance r e s u l t s  in  a mean po ten­
t i a l  (E) a c ro ss  the fa ra d a ic  impedance. The p o te n t ia l  a lso  co n ta in s  
h ig h e r  harm onics because of the asymmetry o f th e  I  -  E cu rve . Since 
no n e t c u r re n t i s  allow ed to  flow  through the fa ra d a ic  impedance no 
n e t chem ical change can occur and th e re  i s  no g ra d ie n t of th e  mean 








Fig. 1.-Idealized apparatus for current-potential 
control in faradaic rectification
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r e n t  flow  in  th e  c i r c u i t  o f ammeter 1 -^  s in ce  no c o n c e n tra tio n  g ra d ie n t 
o r  a s so c ia te d  e .m .f .  was developed as  a r e s u l t  o f th e  flow  of a l t e r n a t in g  
c u r r e n t .  The a l t e r n a te  opening of th e  c e l l  c i r c u i t  ( l  to  2 ) r e s u l t s  in  
an immediate drop of p o te n t ia l  from  E 0 to  Effi= 0 because no n e t chemi­
c a l  change occurred  in  th e  c e l l .
Case I I  (F ig . l a )
Box A i s  now an id e a l  s inusoidal v o ltag e  so u rc e . Turning on th e  a l t e r ­
n a tin g  v o lta g e  (2 to  l )  causes th e  fo llo w in g  phenomena. Because o f 
asymmetry o f th e  I  -  E cu rv e , an a l t e r n a t in g  v o lta g e  abou t E = 0 would 
give r i s e  to  a r e c t i f i e d  c u rre n t which i s  excluded by th e  b lock ing  
c a p a c i to r .  However, th e  e le c tro d e  b eh av io r i s  such th a t  an i n i t i a l  
sm all amount o f r e c t i f i e d  c u r re n t produces a s n a i l  n e t chem ical 
change, and charges the b lo ck in g  c a p a c ito r  to  such a v a lu e  th a t  an 
a l t e r n a t in g  s in u s o id a l  v o lta g e  now about 0 produces a c u r re n t 
f re e  o f D.C. but d i s to r te d  by harm onics. Thus, th e  tu rn in g  on of 
the  a l t e r n a t in g  v o ltag e  causes th e  mean p o te n t ia l  a c ro ss  th e  fa ra d a ic  
impedance to  change from  zero  to  E alm ost a t  once, except fo r  th e  
charg ing  t r a n s i e n t .  S hort c i r c u i t  o f th e  c e l l  ( l  t o  3) produces no 
ap p rec iab le  c u r re n t flow  fo r  th e  same reaso n  a s  in  Case I .  A lte rn a te  
opening o f th e  c e l l  c i r c u i t  (1 to  2 )  produces an immediate f a l l  of 
p o te n t ia l  from E ^ O  to  Eg = 0 fo r  th e  same reaso n  as in  Case I .
Case I I I  (F ig . lb )
Box B re p re s e n ts  an ad hoc A.C. g en era to r such th a t  th e  a l t e r n a t in g  
c u r re n t th rough  th e  secondary  of th e  tra n sfo rm e r  i s  s in u s o id a l  and 
f re e  o f harm onics. Turning on th e  a l t e r n a t in g  c u r re n t (2 to  l )  r e s u l t s
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in  the  fo llow ing  phenomena. Since th e  c u rre n t i s  fo rced  to  be s in u s o id a l ,
the  v o ltag e  ac ro ss  th e  asymmetric fa ra d a ic  impedance co n ta in s  h igher
harmonic term s . There would appear a lso  a r e c t i f i e d  v o ltag e  but t h i s  i s
excluded (th e  tra n sfo rm er secondary sh o rt c i r c u i t s  the c e l l  f o r  D.C.
components) and hence a D.C. component of c u r re n t  w i l l  appear ( I  ) to
s a t i s f y  th e  I  -  E r e la t io n s h ip .  This produces a n e t chem ical change, a
and c o n c en tra tio n  g ra d ie n ts  w i l l  b u ild  up. The change of co n c e n tra tio n s
17a t  th e  e le c tro d e  produces a change in  tbs I  -  E r e la t io n s h ip  such th a t  
th e  r e c t i f i c a t i o n  c u rre n t ( l r ) tends to  decrease w ith tim e . Short c i r ­
c u i t  of th e  c e l l  ( l  to  3 ) produces a d i r e c t  c u rre n t of opposite  d ire c t io n  
to  th a t  of 1^ th rough  th e  c e l l  owing to  th e  back e .m .f . produced by th e  
c o n c e n tra tio n  g ra d ie n t .  This c u rre n t decreases w ith  tim e because of 
th e  co n c en tra tio n  g rad ien t decay. A lte rn a te  opening o f th e  c e l l  c i r ­
c u i t  (1 to  2 ) produces a sudden change from mean p o te n t ia l  eq u a l to  
zero  to  th e  " re s t"  p o te n t ia l  d i f f e r e n t  of ze ro . This " r e s t ” p o te n t ia l  
which i s  a measure of the  p reced ing  co n cen tra tio n  g ra d ie n t b u ild  up 
w i l l  now decay w ith  tim e.
Case IV (F ig . lb )
The Box B re p re se n ts  an ad hoc A.C. g en era to r such th a t  a l te r n a t in g  
v o ltag e  acro ss  the  secondary i 3 s in u so id a l and f re e  of harm onics. Turn­
in g  on th e  a l te r n a t in g  vo ltag e  (2 to  l )  produces a c u rre n t which co n ta in s  
h ig h er term onic components and a ls o  a D.C. component ( I  )» There i s  a
■*"^A reason fo r  t h i s  can be seen in  the N ernst equation  o r as a 
consequence of th e  g en e ra l p r in c ip le  th a t  a g ra d ie n t produces a flow 
ten d in g  to  decrease  the  g ra d ie n t.
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n e t chem ical change and th e  a s s o c ia te d  c o n c e n tra tio n  g r a d ie n ts .  As in  
Case I I I  th e  n a tu re  o f th e  c o n c en tra tio n  f a c to r s  in  th e  I  -  E r e l a t io n ­
sh ip  i s  such as to  produce a d ec reasin g  ne t c u rre n t ( Ip )  th rough  th e
18fa ra d a ic  im pedance. Short c i r c u i t  of th e  c e l l  ( l  t o  3 ) r e s u l t s  in  
an c u rre n t through  th e  c e l l  o p p o site  to  I r  in  th e  same fa sh io n  as in  
Case I I I .  A lte rn a te  opening of th e  c e l l  c i r c u i t  (1 to  2 ) produces th e  
co rrespond ing  sudden change of p o te n t ia l  from mean p o te n t i a l  E -  0 to  a 
" r e s t"  p o te n t ia l  d i f f e r e n t  from zero  as in  Case I I I .
To summarize and complete th e  p rev io u s  a n a ly s is?  c o n tro l  of I  
a t  zero  r e s u l t s  in  th e  same r e c t i f i c a t i o n  v o lta g e  w hether th e re  i s  A.C. 
o r A„V» co n tro l^  c o n tro l  of E a t  Eg r e s u l t s  in  a r e c t i f i c a t i o n  c u r re n t 
I r  which i s  independent of th e  ty p e  of c o n tro l  of th e  a l t e r n a t in g  com­
ponent harm onics appear in  th e  p o te n t ia l  when th e re  i s  A.C. c o n tro l  and 
in  th e  c u rre n t when th e r e  i s  A.V. c o n tro l .  The type of a l t e r n a t in g  
component c o n tro l  i s  th u s  im m ateria l as f a r  as th e  r e c t i f i c a t i o n  v o ltag e  
o r c u rre n t a re  concerned, and o n ly  the  c o n tro l  o f th e  mean component of 
c u r re n t o r p o te n t ia l  must be co n s id e red . C onversely , th e  c o n tro l  of 
th e  mean component of c u rre n t or p o te n t ia l  i s  im m ate ria l fo r  th e  h a r­
m onies, and on ly  th e  type a l t e r n a t in g  component c o n tro l  need by con­
s id e re d .
Apparatus fo r  I  ~  0 c o n tro l  must be such th a t  th e  d i r e c t  c u r re n t 
r e s is ta n c e  of th e  c i r c u i t  a c ro ss  the c e l l  be, in  p r in c ip le ,  i n f i n i t e ,
i . e . ,  th e  c e l l  must be connected to  the a l t e r n a t in g  c u r re n t g en e ra to r  
th ro u g h  a le a k - f r e e  c a p a c ito r .  This c a p a c ity  should  be as sm all as 
f e a s ib le  t o  reduce th e  charg ing  t r a n s i e n t s .  Apparatus f o r  E ~ E 
appear more d i f f i c u l t  to  r e a l iz e  ex p e rim en ta lly  and no a ttem p t w i l l  be
18Same c o n s id e ra tio n  as in  fo o tn o te  17*
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made here to  cover th e  m a tte r .
4) Purpose of t h i s  Work
The f i r s t  aim was to  develop an instrum ent f u l f i l l i n g  th e  co n d itio n s  
re q u ired  fo r  c o n tro l  o f  I  -  0 w ith adequate frequency resp o n se . This in ­
volved th e  fo llow ing  two main problems? ( l )  R e c tif ic a t io n  v o ltag es  of 
sm all am plitude w ith  t r a n s ie n ts  o f d i f f e r e n t  o rder o f magnitude of tim e 
co n s ta n ts  must be m easured. This re q u ire s  techn iques fo r  low le v e l  and 
low freq u en c ie s  but wide band measurements, (2) In  order to  g e t ac ro ss  
th e  fa ra d a ic  impedance even a sm all am plitude a l te r n a t in g  s ig n a l (a few 
m i l l i v o l t s ) a r a th e r  la  rge s ig n a l must be ap p lied  across the c e l l  own­
in g  to  th e  shun ting  of the  fa ra d a ic  impedance by the low impedance of 
th e  double la y e r  c a p a c ity . High frequency th e re fo re  must be ap p lied  
to  th e  c e l l  only in  sh o rt n o n -recu rren t p u lses  to  avoid  h ea tin g  of th e  
so lu tio n  n ea r th e  e le c tro d e  and th e  concom itant s h i f t  o f eq u ilib riu m  
p o te n t ia l .  Previous work in  th e  f ie ld  was made e i th e r  a t  low frequency
(below 50 k ilo c y c le s  per second) or w ith  a very  e la b o ra te  instrum ent 
19(Barker e t  a l , )  which d id  n o t provide fo r  th e  study of t r a n s ie n t s .
T h e o re tic a l in te r p r e ta t io n  of r e s u l t s  was not as immediate as w ith  th e
instrum en t made in  t h i s  work.
The second aim was to  compare experim ent w ith th e  e s s e n t i a l  p o in ts
20of a th eo ry  p rev io u s ly  developed in  th i s  la b o ra to ry .
D iscussion  of experim en tal r e s u l t s  w i l l  be in te g ra te d  in  the
19G„ C „ B arker, R« L, F a irc lo th  and A, W. Gardner, TJature „ 181,
247 (1958),
20P. Delahay, M, Senda, and C» H, Weis, J ,  Am. Chem, Soc, ,  in  
course of p u b lic a tio n .
p re s e n ta t io n  o f th e o ry  to  av o id  r e p e t i t i o n  and d is c o n t in u i ty  in  
so n in g .
CHAPTER. I I
EXPERIMENTAL METHODS
l )  S o lu tio n s
A s to c k  s o lu tio n  of m ercurous n i t r a t e  in  p e rc h lo r ic  a c id  was 
p repared  from  a n a ly t i c a l  grade reag en t and p u r if ie d  (to  remove tra c e s  
of ad so rb ab le  o rg an ic  im p u r i t ie s )  by tre a tm e n t w ith a c t iv a te d  c h a r-  
co a l as recommended by B ark er.^  The c h a rco a l was p u r if ie d  by a tw o- 
week e x tr a c t io n  w ith  b o il in g  h y d ro ch lo ric  a c id  follow ed by a one-week 
e x tr a c t io n  w ith  f re q u e n tly  renewed b o i l in g  w a te r . B id i s t i l l e d  w ater 
(over potassium  perm aganate) was used in  th e  p re p a ra tio n  of a l l  so lu ­
t io n s .  A s to c k  s o lu t io n  of p e rc h lo r ic  a c id  was a l s o  p rep ared . The 
c o n c e n tra tio n  of m ercurous io n  in  th e  s to c k  s o lu t io n  was determ ined 
by e le c tro g ra v im e try  a f t e r  re d u c tio n  o f any t r a c e s  of m ercuric io n  
w ith  m ercury . The a c id  s o lu tio n  was t i t r a t e d .
The T i (IV) <= T i ( I I I )  s o lu tio n s  were p repared  from a commercial 
s o lu tio n  co n ta in in g  app rox im ate ly  20% t-itanous c h lo r id e .  This s o lu tio n  
c o n ta in e d , as we found by po larog raphy , an a p p re c ia b le  amount o f zinc 
which however d id  n o t i n t e r f e r e „ T itanium  s o lu tio n s  were p repared  in  
s u l f u r ic  and t a r t a r i c  ac id  and p u r if ie d  by tre a tm e n t w ith  ch a rco a l as 
fo r  th e  mercurous s o lu t io n .  The p u r if ie d  t i ta n o u s  c h lo r id e  s to ck  
s o lu t io n  was analyzed  as fo llo w s . An a l iq u o t  sample was com pletely  
o x id ized  by hydrogen peroxide and free d  alm ost com pletely  o f c h lo r id e
^G„ Co B arker, „Faradaic R e c ti f ic a t io n "  in  T ran sac tio n s  o f th e  
Symposium on E lec tro d e  P ro c e sse s . P h ila d e lp h ia , 1959» E. Yeager, 
e d i to r ,  W iley, New York, I960.
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by tre a tm e n t w ith  co n cen tra ted  s u l f u r ic  ac id  and h e a tin g  to  in c ip ie n t  
film ing„ The sample was th e n  d i lu te d ,  th e  t i ta n iu m  reduced back com­
p le te ly  to  th e  t i ta n o u s  s t a t e  by z in c  amalgam, and th e  volume was brought 
up to  a d e f in i t e  v a lu e „ F in a l ly  an a liq u o t  was t i t r a t e d  w ith  permanganate 
under n i tro g e n  atmosphere,,
The T i (IV) /  T i ( I I I )  r a t i o  was changed by com plete re d u c tio n  
w ith  z inc  amalgam follow ed by p a r t i a l  o x id a tio n  by bubb ling  of oxygen.,
For f in e r  c o n tro l ,  d i f f e r e n t  amounts of s o lu t io n s  n e a r ly  com ple te ly  
reduced  and o x id ized  were m ixed„ The T i (IV) /  T i ( i l l )  r a t io  was 
determ ined in  s i t u ,, i „ e OJ in  th e  c e l l  by po larography  from  th e  ca th o d ic  
and anodic  d if fu s io n  c u r r e n t s „ The r a t io s  ob ta in ed  in  t h i s  fa sh io n  
agreed  w e ll w ith  th e  r a t i o s  of T i (IV) /  Ti ( I I I )  c a lc u la te d  from the  
e q u ilib r iu m  p o te n t i a l s „
The d i f fu s io n  c o e f f ic ie n ts  fo r  T i (IV) and T i ( i l l )  were e s tim a ted
-6  2 -1
p o la ro g ra p h ic a lly ?  ^T i(lV ) ” ^ T i ( l I l )  S x  ^  cm° s e c °
—6 2 —1
This va lue  compares w ith  th e  v a lu e  ^T i(x v ) = x ^  cm° s e c °
oob ta in ed  from the  p o la ro g rap h ic  d a ta  of Vandenboseh in  a s im ila r  
medium (10$ s u lf u r ic  ac id  and 0„4 molar t a r t a r i c  ac id )*
2) C e ll
The e le c t r o ly s is  c e l l  used was s im i la r  to  a co n v en tio n a l p o la ro -
2 fV, Vandenboseh, '‘C o n tr ib u tio n  a 1 (etude du dosage po larograph ique
du t i t a n e , "  B u l l ., Soc„ Chim. B elg„ 58„ 532 (1949)°
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g ra p h ic  H ~ c e ll .  The d ro p p in g  m ercury e le c t ro d e  and th e  c o u n te r  e le c t r o d e ,  
c o n s is t in g  o f a m ercury p o o l, were in  one arm o f th e  c e l l , ,  T his arm was 
a ls o  p ro v id ed  w ith  i n l e t s  and an o u t l e t  f o r  p a ss in g  n i tro g e n  th ro u g h  and 
over th e  e l e c t r o l y t e .  The o th e r  arm of th e  c e l l  was f i l l e d  w ith  e i t h e r  
1.0M ammonium n i t r a t e  (s tu d y  o f m ercurous io n  d is c h a rg e )  o r  0.88M s u l ­
f u r i c  a c id  ( f o r  th e  T i(lV ) -  T i  ( i l l )  s tu d y ) .  T h is arm was connected  
w ith  a s a l t  b rid g e  t o  a s a tu r a te d  calom el e le c t r o d e .  P r e c ip i t a t io n  o f 
p o tass iu m  p e rc h lo ra te  and p o ta ss iu m  hydrogen t a r t r a t e  was th u s  a v o id ed .
The c e l l  was immersed in  a w a te r b a th ,  th e  w a te r  of w hich made 
co n d u ctin g  by s a l t  a d d i t io n  was connected  to  g round . T h is p ro v id ed  
s u f f i c i e n t  s h ie ld in g  f o r  th e  c e l l .
N itro g en  used f o r  f r e e in g  th e  e l e c t r o l y t e  o f oxygen was passed  
o v e r c h a rc o a l a t  d r y - ic e  tem p e ra tu re  and b ro u g h t back  to  c e l l  te m p e ra tu re  
by p a ss in g  i t  over a p o r t io n  o f 3ame e l e c t r o l y t e  as in  th e  c e l l  in  a 
w ashing b o t t l e .
The d ro p p in g  m ercury e le c tro d e  c a p i l l a r y  was suspended in to  th e  
c e l l  by means of a p l a s t i c  foam dev ice  and was coupled  to  th e  m agnetic 
hammer d e sc r ib e d  below .
3) In stru m en ta tio n
A) G enera l P r in c ip le s
The e s s e n t i a l  p a r t s  and t h e i r  in te rc o n n e c t io n s  a re  shown in  th e  
b lo c k  d iagram  of F ig . 2 . T h e ir  fu n c tio n s  a r e  a s  fo llo w s .
a ) The Radio Frequency P u lse  Path
A ra d io  freq u en cy  (R .F .)  s ig n a l  o f a chosen freq u en cy  i s  p ro ­
duced c o n tin u o u s ly  by an o s c i l l a t o r  (R .F . OSC.). T his s ig n a l  i s  
fed  to  a g a ted  a m p lif ie r  (GATE) in  o rd e r  to  produce a t  i t s  o u tp u t
K om na
±  
G A T E
R . F  OSC. D E L .  















F I L T E R —
L . F .




© G E N E - ®  
RATION
/  \  
CELL
\ ....  /
R . F .
S C O P E
< m )
Fig. 2.-Simplified block diagram of faradaic rectification instrumentation. 
All sub-assemblies have"ground" as return. Numbers are same as in fig. 3.
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o n ly  s h o r t  w e ll d e fin e d  R .F . p u ls e s .  The c o n t r o l  o f  th e  g a te  i s  a c ­
com plished  by th e  tim in g  system  d is c u s se d  below .
The R .F . p u ls e s  o b ta in e d  a t  th e  g a te d  a m p l i f ie r  o u tp u t a re  am­
p l i f i e d  (R .F . VOLTAGE AMPL.) to  a s u f f i c i e n t l y  h ig h  v o lta g e  in  o rd e r  
t o  d r iv e  th e  R .F . power o u tp u t s ta g e  (R .F . POWER AMPL.). The R .F . 
power o u tp u t s ta g e  d e l iv e r s  th e  p u ls e s  a t  a r e l a t i v e l y  sm a ll v o lta g e  
b u t i s  a b le  to  d e l iv e r  r e l a t i v e l y  la rg e  c u r r e n t s .  T his o u tp u t i s  fe d  
t o  th e  c e l l  and i s  m onitored  and m easured in  a s u i ta b le  o s c i l lo s c o p e  
(R .F . SCOPE).
The sm all r e c t i f i c a t i o n  v o lta g e  a p p ea rin g  a c ro ss  th e  c e l l  i s  f r e e d  
from  the  h ig h  freq u en cy  p u ls e s  in  th e  low p ass  f i l t e r  (LOW PASS FILTER) 
and i s  m easured w ith  a h ig h  g a in  low fre q u e n c y  o s c i l lo s c o p e  a m p l i f ie r  
(L .F . SCOPE).
b)_T he_P re= E lectro5 jrsi3  System
For re a so n s  t o  be d e sc r ib e d  below th e re  i s  a p ro v is io n  to  a p p ly  
s u i ta b ly  tim ed  c o n s ta n t v o lta g e  (D .C .) p u ls e s  to  th e  c e l l .  T his i s  
ach iev ed  by a low r e s i s t a n c e  b a t te ry -p o te n t io m e te r  c irc u it-  and s u i t ­
a b le  m ercury r e l a y  which sw itch e s  th e  D.C. GENERATION sub assem bly .
c)_T he_Iim ing  Sequence
The tim ing  sequence i s  shown in  F ig . 3« The p r in c ip le  i s  to
ap o ly  th e  R .F . p u lse  f o r  a known tim e i n t e r v a l  o n ly  once f o r  each  d rop
and t h i s  f o r  a known d ro p  a r e a ,  i . e . ,  fo r  a known drop  a g e . The tim in g  
«
system  shou ld  a ls o  t r i g g e r  th e  o s c i l lo s c o p e s  s in c e  s u i ta b le  i n t e r n a l  
t r i g g e r i n g  would be hard  t o  a ch ie v e  due to  sp u rio u s  t r a n s i e n t s  due to  
th e  f a l l  o f th e  d ro p . F u r th e r  i t  i s  n e c e ssa ry  t o  observe th e  p o t e n t i a l  
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Pig. 3.-Timing sequence for faradaic rectification instrumentation* Order 
of magnitude of time intervals: to-t0 , 5 sec.,drop timej.t^-tg. *+ sec., age of 
drop for R.F. pulse; tcr-t^, 10 msec., duration of R.F. pulse; 'CL.-tp, 1 msec., 
delay between D.C. generation"off” and R.F. pulse"on
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needed,, These o b je c t iv e s  a re  a ch ie v e d  as fo llo w s ;
A tim in g  CAM b eg in s  i t  c y c le  by t r i g g e r i n g  a m agnetic  HAMMER whose 
a c t io n  d is lo d g e s  th e  grown d ro p  a t  th e  d ro p p in g  m ercu ry  e l e c t r o d e „ A f te r  
a  c e r t a i n  f r a c t i o n  o f  i t s  c y c le s th e  cam t r i g g e r s  a  SAWTOOTH GENERATOR,, 
E x c i ta t io n  o f th e  saw to o th  g e n e ra to r  p roduces a  s h o r t  t r i g g e r i n g  
p u ls e  f o r  th e  o s c i l lo s c o p e s 0 The saw to o th  i s  fe d  i n t o  th r e e  d i s t i n c t  
d e lay ed  p u lse  g e n e ra to r s  (DEL,, PULSE As B, G)» Each o f  t h i s  d e lay e d  
p u ls e  g e n e ra to r s  p rod u ces  a o u tp u t p u ls e  a t  a g iv en  p r e s e t  f r a c t i o n  o f 
th e  saw to o th  d u r a t io n „ The p u lse  from d e lay ed  p u lse  g e n e ra to r  A i s  
used t o  sw itc h  th e  g a te  ON,, L a te r  th e  p u ls e  from  th e  d e lay e d  p u ls e  
g e n e ra to r  B w i l l  t u r n  th e  g a te  OFF„ The d e lay e d  p u ls e  g e n e ra to r  C p ro -  
duces an o u tp u t p u lse  which c o n t r o ls  th e  D„C„ g e n e ra tio n  sw itch in g ,,
B) D e ta i l s  o f  B lock Diagram Sub-A ssem blies
a)_The_R_;_ F „_G enerator
F o r f r e q u e n c ie s  below  500 k i lo c y c le s  p e r  second we used  a H e w le tt-­
P ackard  Wide Range O s c i l l a to r  Med„ #200 CD„ For f r e q u e n c ie s  above 500 
k i lo c y c le s  we used  a  G en era l Radio o„5—50 MG U nit O s c i l l a to r  Type 
#1211~B w ith  s u i t a b le  s e p a ra te  power su p p ly 0 
b ) _The _Gat ed_ Ampl i f i e r
We began t r y i n g  s e v e r a l  s im p le  s e l f  b u i l t  c i r c u i t s  w ith  g a t in g
tu b e s  b u t we found t h a t  th e y  e i t h e r  had n o t enough g a in  a t  th e  h ig h e r
f re q u e n c ie s  or th e y  gave an e x c e ss iv e  p e d e s ta l  a t  th e  o u tp u t o r th e y
d id  n o t have an  a d eq u a te  c u t - o f f  in  th e  o f f  s t a t e „ (F or p r in c ip le s
3
in v o lv e d  see  f o r  in s ta n c e  C hance„)
-^Chance e t„  a l , s e d i t o r s s "Waveforms,f, MoI»T„ R a d ia tio n  L a b o ra to ry  
s e r i e s  V o l0 19 , New Y ork, M cGraw-Hill Book CoOJ) 1949<> Chapto X„ "Time 
s e l e c t i o n  „'!
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L a te r we found o u t t h a t  we co u ld  use  w ith  su ccess  th e  T ek tro n ix  
P lu g - In  U nit 53/54 C d u a l t r a c e  c a l i b r a t e d  p r e a m p l i f ie r „ T h is u n i t  
in te n d e d  fo r  d u a l t r a c e  o sc ilo sc o p e  d is p la y  c o n s is t s  o f two s e p a ra te  
in p u t  a m p l i f ie r s  connected  t o  a s in g le  o u tp u t by a  sw itc h in g  tube .
When t h i s  u n i t  i s  s e t  in  " A lte rn a te  Mode" th e  sw itch in g  tu b e  i s  s e t  
in to  a b i s t a b le  s t a t e .  (See m an u fac tu re rs  i n s t r u c t io n  m an u a l.)  One 
t r i g g e r i n g  p u ls e  co n n ec ts  one in p u t a m p l i f ie r  to  th e  o u tp u t w hile  a 
second  t r i g g e r in g  p u lse  sw itch es  th e  o u tp u t to  th e  o th e r  in p u t am p li­
f i e r  0 S w itch in g  i s  v e ry  f a s t  and p e d e s ta ls  a t  th e  ou tp u t can e a s i ly  
be e lim in a te d  by ad ju stm en t o f th e  " V e r t ic a l  P o s i t io n in g "  c o n tro ls  in  
b o th  in p u ts .  T h is i s  because th e s e  c o n t r o ls  s e t  th e  D.C. l e v e l  a t  th e  
o u tp u t .
This T ek tro n ix  P lu g - in  u n i t  cou ld  have been used in  a T ek tro n ix  
Type 127 P re a m p lif ie r  power Supply  b u t th e  o u tp u t was to o  low . We 
ad o p ted  th e  a l t e r n a t i v e  of p lu g g in g  th e  53/54 0  u n i t  in to  a T e k tro n ix  
O sc ilo sco p e  Model 536. We used  th e  o u tp u t from  th e  " V e r t ic a l  S ig n a l 
Out" connec to r and fed  th e  t r i g g e r i n g  s ig n a ls  t o  th e  o s c i l lo s c o p e  tim e 
base e x te r n a l  t r i g g e r i n g  c o n n e c tio n s . The tim e base had t o  be s e t  f o r  
e x te r n a l  t r i g g e r i n g  and th e  sweep tim e had to  be s e t  a t  a v a lu e  s m a lle r  
th a n  th e  tim e i n t e r v a l  betw een b o th  t r i g g e r i n g  p u ls e s .  S w itch ing  p ro ­
ceeded  a t  th e  b e g in n in g  o f each  sweep. The R .F . o s c i l l a t o r  o u tp u t was 
connec ted  to  one o f th e  p re a m p lif ie r  in p u ts  th e  o th e r  in p u t b e in g  
s h o r te d .  In  t-his way th e  o u tp u t changed s tep w ise  and a t  w i l l  from  
zero  to  a p r e s e t  v a lu e .
A m inor inco n v en ien ce  was a s s o c ia te d  w ith  th e  b i s t a b i l i t y  o f th e  
sw itc h in g  c i r c u i t .  When th e  e n t i r e  u n i t  was sw itched  ons t r a n s i e n t s
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d u r in g  th e  warming up s e t  th e  s w itc h in g  c i r c u i t  in  one o f i t s  p o s i t io n s  
a lm o s t a t  random., When t h i s  was th e  unw anted a l t e r n a t i v e ,  i< ,e„, m ost 
o f  th e  tim e non ze ro  o u tp u t ,  a  sim p le  s o lu t io n  was t o  sw itc h  th e  mode 
c o n t r o l  b ack  and f o r th  to  one o f th e  o th e r  modes. T h is  produced sw itc h ­
in g  t r a n s i e n t s  t h a t  b ro u g h t th e  g a t in g  tu b e  to  th e  w anted s t a t e .  Once 
t h i s  had been  done th e  in s tru m e n t worked c o n s i s t e n t ly  w ith o u t s p u r io u s  
t r i g g e r i n g  f o r  any w orking p e r io d .
The maximum o u tp u t v o lta g e  from  t h i s  a rrangem en t u s in g  th e  T ek ron ix  
Type 536 O sc illo sc o p e  was a p p ro x im a te ly  15 v o l t s  a c ro s s  a r e l a t i v e l y  
h ig h  im pedance so u rce  and w ith  a  band w id th  up to  a p p ro x im a te ly  5 mega™ 
c y c le s  p e r  se c o n d . S in ce  a h ig h e r  s ig n a l  l e v e l  was needed f o r  f u l l y  
d r iv in g  th e  o u tp u t s t a g e ,  th e  s ig n a l  had to  be a m p lif ie d  f u r th e r  a lm ost 
to  one hundred  v o l t s ,
c)_The_R adio—Frequency _V oltage  ^ A m p lif ie r
A T e k tro n ix  Type 112 A m p lif ie r w ith  a band w ith  up to  a lm o st 2 
m egacycles p e r  second was used  to  p ro v id e  an  ou tp u t v o lta g e  o f  a b o u t 
100 v o l t s  o
d ) _The _Radj.o _F re  guency JP ower _0 u t  p u t S t age
The aim  h e re  was to  b u i ld  a low impedance source  a b le  to  p ro v id e1 
r e l a t i v e l y  la r g e  A.C„ c u r re n ts  t o  a r e l a t i v e l y  low r e s i s t a n c e  lo a d  
( ic ,e u th e  e l e c t r o l y t i c  c e l l ) .  We b u i l t  a c o n v e n tio n a l cathode fo llo w e r  
o u tp u t s ta g e  w ith  two 6AS?G t r i o d e s  in  p a r a l l e l .  T h is  tu b e  was s e le c te d  
because  o f  i t s  c u r r e n t  c a r r y in g  c a p a c i ty  and i t s  re q u ire m e n t f o r  a low 
im pedance a t  optimum lo a d . T h is o u tp u t s ta g e  had a lm o st th e  same band­
w id th  l i m i t a t i o n s ,  i c®„,  up to  2 m egacycles p e r  second , a s  th e  p re v io u s  
s t a g e .  T h is  s ta g e  had i t s  own power su p p ly .
* . ) Generat ion_Sub~Assembly
The fu n c tio n s  of t h i s  p a r t  o f th e  c i r c u i t  (F ig . 4 ) was to  g e n e ra te  
in  s i t u  one of th e  components of a red o x  coup le  by e l e c t r o l y s i s , ,  For 
t h i s  purpose two ganged d ropp ing  m ercury  e le c t r o d e s  were u sed . Except 
d u rin g  th e  R0F„ p u lse  b o th  e le c tro d e s  were a t  th e  same D.C,, p o te n t i a l  
(w ith  r e s p e c t  to  th e  m ercury pool c o u n te r  e le c t r o d e )  a l l  th e  tim e ,
D uring  th e  R .F , p u ls e  one o f th e  d ro p p in g  e le c tro d e s  (A) was connected
to  th e  R .F . so u rce  and th ro u g h  a low pass f i l t e r  to  one o f th e  in p u ts  
o f th e  low  freq u en cy  d i f f e r e n t i a l  p re a m p l i f ie r  o f an o s c i l lo s c o p e „ The 
o th e r  d ropp ing  e le c tro d e  (B) was connec ted  th ro u g h  a n o th e r  low p ass
f i l t e r  t o  th e  o th e r  in p u t o f  the  d i f f e r e n t i a l  low freq u e n cy  p r e a m p l i f i e r .
R e c t i f i c a t io n  v o lta g e  were measured as  d i f f e r e n c e  betw een th e  two 
p o te n t i a l s  (A-B)„
P o la r iz a t io n  and sw itc h in g  was ach iev ed  by a b a t te r y  and low 
r e s i s ta n c e  p o te n tio m e te r  w ith  th e  h e lp  o f a f a s t  a c t io n  low s h a t t e r  
tim e m ercury r e l a y  (W estern E le c t r ic  276B)» The m ercury r e l a y  c o i l  
(5000 ohms) was s e t  as anode load  o f  a 6J5 t r i o d e  c i r c u i t .  The sw itch ­
in g  p e rio d  was imposed on th e  g r id  o f th e  t r i o d e  from th e  d e lay ed  p u lse  
g e n e ra to r  C o f  f ig u r e  3°
f ) _The _Hamme r
A low mass hammer was f i t t e d  on the  movable a rm atu re  of a 5000 
ohm r e l a y „ The coilwas co n nec ted  as th e  anode lo a d  o f a 6J5 t r i o d e .  The 
hammering tim e p u lse  g e n e ra te d  by a tim in g  cam was a p p l ie d  to  th e  g r id  c i r  
c u l t .
£ ) _The_T im ing Gams
The tim in g  cams g e n e ra te s  th e  n e ce ssa ry  t r i g g e r i n g  over th e  long
R.F POWER OUTPUT
SINGLE HAMMER (RY I) 







Fig. -D.C. Generation circuit. R.F. output !+*-£ 6AS7G in parallel; RIL 
hammer: mechanically adapted 5000 ohms relay; RY2 '.festern Electric mercury relay 
276 B; Hr250 ohms; Og0.003 microFarad; Rr IOO ohms Ilolipot; Li,Oj_ and IgjCfc) General 
Radio de*cade inductors l^OO-A and General Radio decade capacitors 1^19-K; D.C. 
scope input, Tektronix model E plug-in differential amplifier, R^and Rg2 10 siega- 
ohms; R.F. scope input (ommited) between A and ground,’Tektronix model G plug-in 
amplifier, 1 megaohns.
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t h e  lo n g  p e r io d  (5 seco n d s) of th e  d ro p p in g  m ercury  e l e c t r o d e „ Two 
ganged e o n t a c t - t a s t e r  ty p e  cams were d r iv e n  by a synchronous low speed  
m otoro One r e v o lu t io n  o f  th e  cam co rresp o n d ed  to  th e  d ro p  tim e and th e  
r e l a t i v e  p o s i t io n  o f c o n ta c ts  on th e  two cams d e term in ed  th e  d ro p  age 
f o r  w hich th e  R„F0 p u lse  fo rm a tio n  c y c le  began „ Both cams were p a r t  o f 
s e p a r a te  b ia s in g  b a t t e r i e s  c i r c u i t s  w hich p ro v id e d  th e  p ro p e r  v o l ta g e s  
to  t r i g g e r  th e  hammer r e l a y  and th e  saw to o th  t r i g g e r i n g  system ,, 
h )_The_Sa wt oo th  G e n era to r
A T e k tro n ix  Type 162 Waveform G enera to r, t r ig g e r e d  by one o f th e  cams, 
was usedo I t s  o u tp u t p u lse  t r ig g e r e d  th e  h o r iz o n ta l  sweep c i r c u i t s  o f 
th e  R .F . and L „ F0 o s c i l lo s c o p e s .  The saw to o th  g e n e ra to r  a l s o  fed  th r e e  
d e la y e d  p u lse  g e n e r a to r s .
i  ) __D e la y e d  JP u ls  e_Gen er a t  o r s A & B
T e k tro n ix  Type 163 P u lse  g e n e ra to r s  w ere u sed . T h e ir  o u tp u t was 
superim posed  th ro u g h  a r e s i s t i v e  netw ork  and was fed  t o  th e  g a t in g  
a m p l i f i e r ,
j_)_D el^-ed_Pulse_G enerator_C
This was a  T e k tro n ix  Type 161 P u lse  g e n e r a to r .  A s in g le  d e lay ed  
o u tp u t p u lse  o f  a d ju s ta b le  le n g th  was fed  to  th e  D.C. g e n e ra tio n  r e l a y  
c i r c u i t  in p u t  t o  t r i g g e r  th e  time, and le n g th  o f  th e  r e l a y  a c t io n ,  
k)_Low_Pass F i l t e r
The low p a ss  f i l t e r  was s e t  up o f  G enera l Radio Decade in d u c to rs  
Type: 1490-A (1-1000  mH) and c a p a c i to r s  Type 14Iy-K  (0 .0 0 1 -1  uyu.F„)
l)„L ow _F re£uency_O scillo scope A m p lif ie r
A T e k tro n ix  Type E P lu g - in  U n it p re a m p l i f ie r  was u sed  a t  maximum 
band  w ith  (0„06 c . p . s ,  -  10 k . c . p . s . ) ,  The maximum s e n s i t i v i t y  was 0 .05
2?
m il l iv o l t s  p e r  cm. At t h i s  g a in  th e  hum v o lta g e  from  th e  com plete i n s t r u ­
ment co rresponded  t o  l e s s  th an  1 cm. peak  t o  peak . S im ila r ly  th e  n o is e  
was l e s s  th a n  0 .3  cm.
m )_R adio_Freguency_O scilosco£e_A m plifier
A T e k tro n ix  Type G P lug= in  U nit was u t i l i z e d .  This u n i t  has a 
freq u en cy  band w id th  up to  15 MC when used in  co n u n ctio n  w ith  th e  
T ek tro n ix  531 and 535 o s c i l lo s c o p e s .
4 ) D e ta i l s  on Measurements
a )_ C e ll  R es is ta n ce
The c e l l  r e s i s ta n c e  fo r  h ig h  f re q u e n c ie s  co u ld  no t be e x tra p o la te d
from b r id g e  m easurem ents a t  low er f r e q u e n c ie s .  S in ce  a h ig h  accu racy
was n o t aim ed a t s th e  c e l l  r e s i s t a n c e  was c a lc u la te d  as fo llow s?
A carbon  com position  r e s i s t o r  of w ell-know n r e s i s ta n c e  was put
in  s e r ie s  w ith  th e  c e l l .  The v a lu e  o f  t h i s  r e s is ta n c e  (R ) was chosens
by t r i a l  and e r r o r  u n t i l  i t  was alm ost e q u a l to  th e  r e s i s t a n c e  of th e  
c e l l .  R .F . p u lse s  were s e n t th ro u g h  th e  c i r c u i t  and th e  c e l l  v o lta g e  
(U^) and th e  t o t a l  v o lta g e  (U ) a c ro ss  th e  c e l l  p lu s  r e s i s t o r  were 
measured s u c c e s s iv e ly  on th e  R .F . o s c i l lo s c o p e .  One had
By t h i s  method th e  same v a lue  o f c e l l  r e s i s ta n c e  was found f o r  a l l
o f m agnitude (0.05 = 2 volts)
b)_R^Fi  V oltage V alues
A ll v a lu e s  r e p o r te d  a re  am p litu d es  s i . e . j ,  h a l f  peak to  peak v a lu e s  
s in c e  we w ere d e a lin g  w ith  s in u s o id a l  v o l ta g e s .  M easurements were made 
on a c a l i b r a t e d  o s c i l lo s c o p e .
t i
(2-1)
freq u en cy  range used (0.05 ■= 1MC) and fo r  o f v e ry  d i f f e r e n t  o rder
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V oltage  Waveform 
The wave form was checked by s u b s t i t u t io n  o f a r e s i s t o r  hav ing  a 
s im i la r  r e s i s ta n c e  as th e  c e l l  f o r  th e  c e l l  and by th e  use o f lo n g  R.F.  
p u ls e s 0 A s te a d y  wave d is p la y  was o b ta in e d  on th e  o s c il lo s c o p e  ( i n t e r n a l  
t r i g g e r i n g )  and was compared v i s u a l ly  w ith  a s in e  wave drawn on th e  
sc re e n  „ At a l l  f re q u e n c ie s  used th e  o u tpu t was s in u s o id a l  as  f a r  a s  
co u ld  be a s c e r ta in e d  from  t h i s  v i s u a l  in s p e c t io n .
The R.F .  wave form  was c o n tro l le d  f o r  each  measurement from  th e  
shape o f th e  R„F„ p u lse  on th e  R.F.  sco p e . At th e  low sweep speeds 
used  and f o r  th e  la rg e  f re q u e n c ie s  w hich were s e le c te d ,  th e  p u lse  d i s ­
p la y  was s im ila r  to  a r e c ta n g u la r  n r a s t e r " .  D is to r t io n  cou ld  be d e te c te d  
from  a non u n ifo rm ity  of' b r ig h tn e s s  o f  th e  r e c ta n g u la r  d is p la y  and from 
asymmetry about th e  s&ro l i n e „
E xperience  showed th a t  even when d i s t o r t i o n  was n o t ic e a b le  by 
th e s e  c r i t e r i a  i t s  e f f e c t  on th e  r e c t i f i c a t i o n  v o lta g e  was sm a ll,
d )_ D e tec tio n _ o f S p u r ic u s _ R e c tif ie a t  io  n
To a s c e r t a in  w hether o r n o t a r e c t i f i c a t i o n  v o lta g e  liras r e a l l y  due 
to  an e le c tro d e  p ro c e s s , th e  fo llo w in g  c r i t e r i a  were adopteds ( l )  The 
r e c t i f i c a t i o n  v o lta g e  d isap p e a re d  when th e  c e l l  was re p la c e d  by a r e ­
s i s t o r .  (2) The r e c t i f i c a t i o n  v o lta g e  rem ained th e  same b u t th e  
p o l a r i t y  was in v e r te d  when th e  c e l l  te rm in a ls  were sw itched  a ro u n d .
(3 ) The r e c t i f i c a t i o n  v o lta g e  as  re a d  in  th e  o s c i l lo s c o p e  was p ro p o r­
t i o n a l  to  th e  s e n s i t i v i t y  s e t t i n g  o f th e  o s c i l lo s c o p e „ T hese, t e a t s  
showed th a t  between 0 o05 and 1MC» th e re  was no sp u rio u s  r e c t i f i c a t i o n .  
Above IMG, c r i te r iu m  3 was n o t f u l f i l l e d  in  most ex p erim en ts  f o r  a t  
l e a s t  one re a s o n , nam ely t h a t  th e  f r a c t i o n  o f th e  R.F„ s ig n a l  p a ss in g
29
th ro u g h  th e  low p ass  f i l t e r  produced some r e c t i f i c a t i o n  in  th e  low 
freq u en cy  p re a m p l i f ie r  in p u t„ A q u a n t i t a t iv e  d is c u s s io n  o f t h i s  e f f e c t  
i s  g iven  in  C hap ter I I I . .
5) Summary o f  E x p erim en ta l C o n d itio n s
\ 2a) The Hg2 — Hg System
A ll f i n a l  s o lu t io n s  were 1 .1 4  m olar in  p e rc h lo r ic  a c id  and had th e  
fo llo w in g  m ercurous io n  c o n c e n tra tio n  in  m illim o le s  p e r l i t e r s  
#1 -  9°2,  §2  -  4 .0 ,  #3  -  2 .0 , #4 -  1 .0 , #5  -  0 ,2 , #6  -  0 .0 8 , #7  -  0 .0 4 .
C e l l  r e s i s ta n c e s  52 ohm s(m ostly due to  th e  m ercury column in  th e  
c a p i l a r y  o f  th e  d ro p p in g  m ercury e le c t r o d e ) .
M ercury h e ig h t o f  th e  d ro p p in g  m ercurys 3 6 .0  cm.
T em peratu re^30 .0  +  0„l)°C  *
Spontaneous d ro p  tim es Almost 6 seconds (changed somewhat from 
s o lu t io n  to  s o lu t io n ) .
Hammered drop tim es  5° 02 seco n d s.
Drop age a t  b eg in n in g  of R.F .  p u lses 3 -7  s ec .  o r 1 .3  s e c .
„2 2
Area o f d rop  a t  3°7  seconds? 2 .06  x  10 cm ; and a t  1 .3  seconds 
-2  2
1 .0 2  x  10 cm „ (These two tim es  a re  ach iev ed  by sim ply  r e v e r s in g  
o f tim in g  cam; 1.3"?* 3° 7 ■=■ 5°0„)
R.F,  p u lse  le n g th  as needed t o  re ach  f i n a l  r e c t i f i c a t i o n  v o lta g e s?
5 to  20 m il l i s e c o n d s .
b)_The_Ti f_IV)__/_?! System
F in a l  s o lu t io n s  were a l l  0 .8 8  mol&r in  s u l f u r i c  a c id  and 0 .5 0  m olar 
in  t a r t a r i c  a c id ,  and 19°5 miUimolar in  T i (IV) p lu s  T i ( I I I ) .  For some 
e s p e c ia l  ex p erim en ts  wo used s o lu t io n s  in  which th e  T i (IV) p lu s  Ti ( i l l )
c o n c e n tra t io n  was e i t h e r  0„98 nrilliniolar o r  1 .9
C e l l  R e s is ta n c e  s 56 ohms„
Rate o f flow  o f  m ercurys 1 .65  m g /sec .
Tem peratures ^ 3 0 .0  0 ,^ °C o
Spontaneous d ro p  tim es a lm ost 6 seco n d s .
Hammered d ro p  tim es 5=02 sec o n d s .
Drop age a t  b eg in n in g  of R.F .  p u lses 3 -7
=2
Area o f drop  a t  3 = 7 seconds 1 2 .85  x  10




CHAPTER I I I
COMPARISON OF THEORY AND EXPERIMENTAL RESULTS
The sequence o f th e  g e n e ra l  t re a tm e n t o f D elahay , Senda and W eis^ 
w i l l  be fo llo w ed  and e x p e r im e n ta l r e s u l t s  w i l l  be in te g ra te d  in  th e  d i s ­
c u ss io n  o f th e o ry  r a th e r  th a n  p re se n te d  s e p a r a te ly .  R e p e ti t io n  w i l l  
be avo ided  in  t h i s  f a s h io n „
l )  R e c t i f i c a t io n  V o ltage  and Mean R e c t i f ic a t io n  C u rren t D e n s ity .
a t _ G e n era l_ C o rre la tio n s
N o n - l in e a r i ty  o f  th e  I -E  c h a r a c t e r i s t i c  ab o u t Eft fo r  h \ «  RT/nF
2
can be ta k e n  in to  acco u n t by in c lu s io n  o f th e  te rm s in  ^  in  th e  e x ­
pansion  o f eq» ( 1 - 3 )o The r e s u l t i n g  e q u a tio n  has been used  by most 
in v e s t ig a to r s  as  th e  b a s is  fo r  a n a ly s is  o f f a ra d a ic  r e c t i f i c a t i o n  j u s t  
a s  th e  l i n e a r i s e d  I-E  c h a r a c t e r i s t i c  o f  eq„ (1 -4 ) i s  a p p lie d  in  th e  
tre a tm e n t o f f a ra d a ic  impedance and o th e r  r e la x a t io n  methods (excep t 
th e  p o t e n t i a l - s t e p  m ethod ). A more g e n e ra l  t re a tm e n t in  w hich a 
p a r t i c u l a r  form  of th e  I-E  e q u a tio n  i s  n o t p o s tu la te d  a t  th e  o n se t i s  
d e s i r a b le  f o r  fa ra d a ic  r e c t i f i c a t io n s ,  a s  w i l l  be n o ted  below s and in  
f a c t  was developed fo r  th e  methods o f fa ra d a ic  impedance and r e c t i f i c a ­
t i o n  o
The l in e a r i s e d  I=E e q u a tio n  fo r  a sm all d e p a r tu re  from  e q u ilib r iu m
"h3. D elahayj M. Sendas and C„ Ho W eis, J .  Am. Chem. S o c ., in  
co u rse  o f p u b l ic a t io n .
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( W r t ) | s e | « i  ,  | s c 0| / c ; « i  ,  | s c ft| / C ’R« i  )
i s  w r i t t e n  q u i te  g e n e r a l ly  as
S i  = ( d i / a E )  s e  -t- ( ^ i / a c 0 ) s c Q + ( a i / a c R) 6 c . a
where S  r e p re s e n t  a v a r i a t io n  o f  th e  q u a n t i ty  b e ing  c o n s id e re d  and th e
p a r t i a l  d e r iv a t iv e s  a re  ex p re ssed  a t  th e  e q u ilib r iu m  p o t e n t i a l  „ This
v a lu e  o f 6 1  i s  i d e n t i f i e d  w ith  th a t  g iv e n  by eq» (1 -4 ) in  which th e
p a r t i a l  d e r iv a t iv e s  a re  computed from e q 0 (1—3 ) ° The v a r ia t io n s  6  Cq
a n d  6  can be ex p re ssed  in  term s o f  th e  r e s i s t i v e  and c a p a c i t iv e
elem en ts o f th e  e q u iv a le n t c i r c u i t  o f th e  f a r a d a ic  im pedance, and a
g e n e ra l  e q u a tio n  f o r  th e  f a r a d a ic  impedance in  term s o f th e s e  e lem en ts
o f th e  e q u iv a le n t c i r c u i t  o f th e  f a r a d a ic  im pedance, i s  th u s  ob ta in ed .,
P a r t i c u l a r  forms o f th e  f a r a d a ic  impedance a re  o b ta in ed  by in t r o d u c t io n
o f th e  v a lu e s  o f  c> l/c> E ;j "^1/bC Q  and c o rre sp o n d in g  to  th e  I-E
c h a r a c t e r i s t i c  b e in g  s e le c te d .. Such an  approach  which was developed  by 
2Grahame f o r  th e  f a r a d a ic  impedance has no p a r t i c u l a r  a d v an ta g e , ex cep t 
perhaps i t s  e le g a n c e , over th e  more d i r e c t  tre a tm e n t b ased  on e q 0 ( l - 4 ) °  
There i s ,  however, an ad van tage  fo r  f a r a d a ic  r e c t i f i c a t i o n ,  nam ely th a t  
t h i s  approach  b r in g s  out g e n e ra l  r e l a t i o n s h ip s ,  u s e fu l  to  th e  u n d e rs tan d ­
in g  o f th e  m ethod, which o th e rw ise  m ight be h idden  by th e  ccm p lex ity  o f 
a lg e b r a „
E x p ress in g  6 I  in  te rm s o f S  E, SC q , and & Cjj as  f o r  th e  fa ra d a ic  
impedance bu t we now in c lu d e  th e  second p a r t i a l  d e r iv a t iv e s  o f th e  fu n c ­
t i o n  I  » f ( E ,  Cq , C^) to  ta k e  in to  a cc o u n t th e  n o n - l i n e a r i ty  o f th e  I-E
2D„ C „ Grahame, J . E lectro ch cm ., S o e . ,  99, C370 (1 9 5 2 ).
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P=2-
cu rv e a b o u t E a We f u r th e r  n o te  t h a t  £> J  — 2  where p -  0 „ 1
p=o
and 2 correspond^, r e s p e c t iv e ly 5 to  th e  mean v a lu e  o f  I ,  th e  fu n d am en ta l 
f req u e n cy  te rm s and th e  second  harm onic term,, H igher harm onics a re  
n e g le c te d  s in c e  o n ly  a sm a ll d e p a r tu re  from  e q u i l ib r iu m  i s  c o n s id e re d . 
The mean v a lu e  co rre sp o n d s  to  s te a d y  s t a t e  fo r  th e  a l t e r n a t i n g  com-
. 1 / 2  r  






SpCr, + S D I H - 0
where the correction  for  n o n -lin ea r ity  S p I  i s
-f- (4 ,C 0f -t- J U
o c R L -if
+
3 E S C q 
f o r  p ~ 0 and p = 2
a,E S,Ci' -o t £>Xo Cj
( 3 - 1 )
One has &  I  -  0 fo r  p = 1 , s in c e  p = 1 c o r r e s -
ponds to  th e  l i n e a r i s e d  I-E  c u rv e .
One o f th e  mean component. <5 I  o r £>0E can be c o n t r o l l e d ,  and one 
g e n e r a l ly  s e l e c t s  e i t h e r  £ I  :i 0 (mean c u r re n t  e q u a l to  z e ro )  or 
<f^E=0 (mean p o t e n t i a l  e q u a l to  e q u i l ib r iu m  p o t e n t i a l ) „ I f  £  I  = 0 S 
th e r e  i s  no n e t change in  th e  mean c o n c e n tra t io n s  o f s u b s ta n c e s  0 and
Rs and c o n se q u e n tly  q 0 C q  =■ in d e p e n d e n tly  o f  th e  c o n t r o l
of th e  a l t e r n a t i n g  component (A„Cc or  A.V, c o n t r o l ) °  One th e  deduces 
from e q c (3=1)
& E  = ~  ^ B “  l )
O
a x / a  e
where - l / (  Cj i / ^ E )  is  th e  ch arg e  t r a n s f e r  r e s i s t a n c e  s in c e  th e r e  i s  
no n e t  change in  th e  mean c o n c e n tra t io n s  o f  0 and Rs 8 r,E should  be 
in d ep en d en t c f  tim e  a t  le a s t-  i f  th e  double  la y e r  c a p a c i ty  i s  n o t con-
34
s id e re d .
b)_G eneral_Eguation f o r  th e  R e c ti f ic a t io n  V o ltage .
A p p lica tio n  o f eq. (3 -3 ) re q u ire s  th e  d e r iv a tio n  of th e  e x p l ic i t  
form of the  q u a n t i ty  defined  by eq . (3 -2 ) . The p a r t i a l  d e r iv a tiv e s
a t  Eg in  th e  l a t t e r  eq u atio n  a re  r e a d i ly  w r itte n  from th e  I-E  c h a ra c te r ­
i s t i c ,  and only  th e  <£ ' s must be d e r iv e d . I t  i s  to  be noted  th a t  the  
term s in  c ) ^ l /d C o  , ^ I / c )  , and $ ^ l / ^ C 0^C r v an ish  when th e  I-E
c h a r a c te r i s t i c  i s  of th e  f i r s t  o rder w ith  re sp e c t to  Cq and s ince  
th e se  d e r iv a t iv e s  a re  th en  equal to  ze ro . The q u a n t i t ie s  <S0E , £e CQ , 
and &0 CR can be expressed  in  term s of elem ents o f th e  eq u iv a len t c i r c u i t  
fo r  th e  e le c tro d e  r e a c tio n  (See ap p en d ix ). I f  th e  I-E  c h a r a c te r is t i c  o f 
(1 -3) h o ld s , th e  r e c t i f i c a t i o n  v o ltage  A  E • c ( a  S o E ) , i s
*° R T  A ^  4  J
where r g and y a a re  th e  r e a l  ( r e s i s t iv e )  and im aginary (c a p a c itiv e )  com­
ponents of th e  s e r ie s  e q u iv a len t c i r c u i t  fo r  th e  t o t a l  fa ra d a ic  impedance
1/2
per u n it  a rea  Z (Z = r F -  j  yF , w ith  j  = (-1) ) ; and r Q , r R , yQ , yR
are  th e  correspond ing  components fo r  substances 0 and R fo r  th a t  p a r t  
of th e  impedance corresponding  to  supply  and removal of r e a c ta n ts  by 
d if fu s io n  and p o s s ib ly  a heterogeneous or homogeneous chem ical r e a c t io n . 
We use the  symbol & E«e because A E  is  a fu n c tio n  of tim e when th e  double 
la y e r  c a p a c ity  i s  considered  and th e  above value corresponds to  t * ^  .
One has r g = r c t  t - r 0 + r R (3-6) and y s = yQ + yR (3 -7 ) , r c t  being  the  
charge t r a n s f e r  r e s is ta n c e  per u n it  a r e a .  Values of th e  r ' s  and y ’s 




E q u a tio n  (3 -4 )  red u ces  t o  th e  r e s u l t  d e r iv e d  by Doss and Agarwall,
h. 5 6 7B a rk e r5, F a i r c lo th ,  and G ardner 5 s , and Vdovin f o r  a s im p le  ch arg e
t r a n s f e r  r e a c t i o n „ These a u th o rs  d id  n o t w r i te  t h e i r  r e s u l t  in  th e
g e n e ra l  form  o f eq . (3- 4 ) b u t  used  th e  r a t e  c o n s ta n t  a t  th e  e q u i l ib r iu m
p o t e n t i a l  (no t k ° ) .  They assumed t h a t  th e  c u r r e n t  d e n s i ty  i s  I  s i n  tgL el
and th u s  p o s tu a l te d  i m p l i c i t l y  t h a t  th e  mean c u r r e n t  i s  e q u a l t o  z e r o .
They w ro te  th e  p o t e n t i a l  a s  Ee +  ^  E ^ -  s in  { o j  t -  ©£_) where 
i s  th e  r e c t i f i c a t i o n  v o lta g e  and th e  minus s ig n  fo r  V^ s in  (c o t -  E^) 
r e s u l t s  f r om th e  co n v en tio n  o f  c o n s id e r in g  a c a th o d ic  c u r re n t  as p o s i t i v e .  
They f i n a l l y  in tro d u c e d  in  e q .  (1 -3 ) th e s e  v a lu e s  of th e  c u r r e n t  d e n s i ty  
and E and th e  v a lu e s  of th e  c o n c e n tr a t io n s  and 0 ^  ta k e n  from  th e  c l a s s i ­
c a l  th e o ry  o f th e  f a r a d a ic  im pedance, and expanded th e  e x p o n e n t ia ls ,  th e  
ex p an sio n  b e in g  l im i te d  to  th e  f i r s t  th r e e  te rm s . The f i n a l  e q u a tio n  was 
so lv ed  f o r  ,
2 ) In f lu e n c e  o f th e  Double Layer C ap a c ity  f o r  C o n tro l o f  I  a t  Z e ro ,
a)_Mq R e c t i f i c a t io n  from _the_D ouble L a y e r .
V a r ia t io n  o f th e  charge  o f th e  doub le  la y e r  was n e g le c te d  above and 
i t  was assumed t h a t  I  -  0 f o r  th e  f a r a d a ic  p ro c e s s ,  w hereas i t  i s  a c tu a l ly
^K.S.G.  Doss and H., P . AgarwalL, P r o c , In d ia n  Acad. S c i . , 35Aa 45 
(1 9 5 2 ).
4G. C. B ark e r, A nal. Chim. A ctav 18, 118 (1958) =
^G. C. B a rk e r , R„ L„ F a i r c l o t h ,  and A. W. G ard n er, N a tu re „ 181,
247 (1958) .
G. C. B a rk e r , T ra n s a c tio n s  o f  th e  Symposium on E le c tro d e  P ro c e sse s  
P h i l a d e lp h ia . May 1959 . E. Y eager, e d i t o r ,  W iley , New York, I9 6 0 .
? I u .  A. V dovin, Doklady Akad. Nank S . S . S . R . ,  120, 554 (1 9 5 8 ).
th e  t o t a l  c u r r e n t  d e n s i ty  w hich i s  c o n tr o l le d  a t  ze ro  „ The p re v io u s  
a n a ly s is  must be m od ified  a c c o rd in g ly .
I t  w i l l  be assumed f i r s t  t h a t  th e  d i f f e r e n t i a l  c a p a c ity  o f th e  
double l a y e r  i s  independen t o f p o t e n t i a l  fo r  a sm a ll d e p a r tu re  from 
Ee , i , e . s r e c t i f i c a t i o n  due t o  th e  n o n - l i n e a r i ty  o f th e  c h a r g e - p o te n t ia l  
r e l a t i o n s h ip  f o r  th e  double la y e r  w i l l  be n e g le c te d  a t  f i r s t .  I t  w i l l  
a l s o  be assumed t h a t  c-  ^ i s  s o le ly  de term in ed  by th e  su p p o rtin g  e l e c t r o l y t e  
and i s  n o t a f f e c te d  by v a r i a t io n s  o f Cq and C^.
The v a r i a t io n  o f th e  mean component o f th e  charge  q on th e  
e le c tro d e  th u s  i s  60 q = (dq/dE ) £ 0E or £0 q ~ c ^ ^ E .  (3 -8  or 9 ) ,  One a ls o
<£0 q s  J <5e I  d t  where b 0 I  i s  th e  v a ry in g  mean c u rre n t su p p lie d  by 
th e  charge  t r a n s f e r  r e a c t io n  f o r  c h a rg in g  o f  th e  double la y e r  over th e  
i n t e r v a l  E» The mean c h a rg in g  c u r r e n t  i s  such th a t  (see  eqs ,  (3 -1 ) 
and (3-3 $
^  ^ 1
£ X oLt AE,
■t b  E
S .C 0 + l i -
c. b C R. (3 -10)
The changes in  c o n c e n tra tio n s  and can ^  c o r re l a l 'ed to
th e  c u r r e n t  d e n s i ty  as  shown by D elahay, Senda* and W eiss and an e q u a tio n
i s  o b ta in e d  which can be so lv ed  f o r  £,.,1. S ince  j  <50 I  d t  = c , &0 E
o
th e  mean r e c t i f i c a t i o n  v o lta g e  A  E  (=  £ Q E) i s  o b ta in e d  by in te g r a t io n  
o f £ 0 I 0 There fo llo w s  a f t e r  s u b s t i t u t i o n  o f ^  1 / O E s ~c)I/ O Cq 3 and 
c) 1/  ~d by th e  c o rre sp o n d in g  v a lu e s  deduced from e q . ( 1-3 ) .
(3 - 0
where A  E ^  i s  g iv en  by eq . (3- 4 ) and
r °  rv
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One can show from  eq . (3-=ll) t h a t  A E  -  0 f o r  t  -  0 and A  2 ~ 
f o r  t - ^  <^0 Mass t r a n s f e r  p o l a r i s a t i o n  f o r  th e  mean c o n c e n tra t io n s  
and th u s  v a n ish e s  p ro g r e s s iv e ly ,  and th e  v a lu e  A  E ^  , as c a lc u la te d  
f o r  I  -  0 , i s  u l t im a te ly  a t t a in e d .  F u r th e r ,  v a r ia t io n s  o f  A E  / A E ^  
w ith  tim e  a re  no t a f fe c te d  by -frequency,, One a ls o  can show t h a t A  E = 
A  E ,-^ f o r  t  ^  0 when c^ = 0 and th a t  A  E “ 0 f o r  t  ^  0 when 
F u r th e r ,  one deduces from eq„ (3“ l l )  a f t e r  expansion  o f  th e  e r r o r  fu n c -  
t io n s  t h a t  A  E v a r ie s  l i n e a r l y  w ith  l / t  f o r  la rg e  a rg u m en ts, nam ely
The lo w est v a lu e s  o f t  f o r  which t h i s  ap p ro x im atio n  h o ld s  d e c rea se
and th e  l im i t in g  v a lu e  A E ^ i s  p r a c t i c a l l y  reached  in  a s h o r t  tim e 
(perhaps a few m ill i s e c o n d s )  f o r  in h e r e n t ly  f a s t  r e a c t io n s  and s u f f i ­
c i e n t ly  c o n c e n tra te d  s o lu t io n s .  The tim e  dependence o f A E f o r  a
as  one would expec t from th e  form of th e  p a ram ete rs  G and H o f e q . (3 -1 2 ) .
when th e  a l t e r n a t i n g  c u r re n t  i s  in te r r u p te d  a f t e r  t h e  l im i t in g  v a lu e
ed a t  th e  tim e o f in te r r u p t io n  s in c e  th e  p re v io u s  a n a ly s is  p re -su p p o ses  
no mass t r a n s f e r  p o la r i s a t io n  f o r  th e  mean c o n c e n tra tio n s  b e fo re  v a r i a ­
t i o n  of th e  a l t e r n a t i n g  c u r r e n t .
(3 -13)
w ith  an in c re a s in g  a p p a re n t s ta n d a rd  r a t e  c o n s ta n t k° f o r  g iven  C0 , s ;
CL
g iv en  r e a c t io n  and a g iven  C^-t* a ls o  depends on th e  r a t i o  C° /
F in a l ly ,  A  E / A E ^ f o r  a g iv en  Cq /  a l s o  depends on ^ ° +  Cr aH  o th e r 
c o n d it io n s  rem a in in g  constant- (F ig . 5)0
The fo re g o in g  a n a ly s is  a ls o  h o lds f o r  th e  decay  cu rve  fo r  A  E
A E ^ I s p r a c t i c a l l y  a t t a in e d .  The r ig h t -h a n d  member o f eq . (3 -1 3 ) i s  
now e q u a l to  h  A E .  T his c o n c lu s io n  h o ld s  o n ly  w henA E ,^  i s  re a c h
'< 05
l u i< 1 -• 5 x l0 ‘*M
2 = I xI0**M 
3 = 2 x K T 4M 






The fo re g o in g  c o n c lu s io n  t h a t  A E  / A  E ^ i s  independen t o f V^
i s  s t r i k i n g l y  v e r i f i e d  in  F ig . 6 f o r  th e  T i (IV) /  T i ( I I I )  charge 
t r a n s f e r  p ro c e s s . The shape of th e  A E v e rsu s  tim e  curve i s  n o t a l ­
te r e d  when A E ^ w a s  changed in  th e  r a t i o  1 t o  2 0 . F u rth e r th e  decay 
cu rv es  have th e  same shape a s  th e  b u ild -u p  c u rv es  (upside  down).
Note th e  e f f e c t  of hum and n o is e  a t  th e  h ig h e s t  s e n s i t i v i t y .
The c o n c lu s io n  t h a t  th e  A  E / A  E ^ v e r s u s  t  curve i s  in d ep en - 
d en t o f freq u en cy  was v e r i f i e d  f o r  th e  d isc h a rg e  o f on
m ercury (F ig . 7 ) .
o o ~ ~
The in f lu e n c e  o f th e  c o n c e n tra tio n s  Cq and on th e  A E  /  o E  ^
v e rsu s  t  curve i s  shown in  F ig . 8 f o r  th e  Ti (IV) Ti ( i l l )  c o u p le .
Note th a t  A E ^ i s  approached more s lo w ly  a s  [ ( l / c £  D ^ * * )+ (l/c °  D^*) ]
in c re a s e s  as one would ex p ec t from  th e  s im p lif ie d  e q u a tio n  (3 -1 3 ) .
b ._ R e c tif ic a t io n _ f ro m  th e  D ouble_Layer„
The fo re g o in g  a n a ly s is  w i l l  now be m od ified  to  t a k e  in to  account
r e c t i f i c a t i o n  due to  th e  double la y e r  c a p a c i ty .  As was shown by 
8
B a rk e rP v a r ia t io n s  of th e  d i f f e r e n t i a l  c a p a c i ty  of th e  double 
la y e r  w ith  p o t e n t i a l  r e s u l t s  in  a s h i f t  of th e  mean p o te n t i a l
V *  ( 3 - w )
-  I -cL'Cg. 4 , a
^  ^ L ^ ^ e. -oL E
where i s  th e  am p litu d e  of th e  a l t e r n a t in g  v o lta g e  a c ro ss  c^„ The 
s h i f t  A  E  ^ i s  freq u en cy  in d ep en d en t and i f  (l/c]_ ) (dc-j/dE) does n o t
^G. C„ Barker,, T ra n sa c tio n s  o f  th e  Symposium on E lec tro d e  Pro-
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Pig, 6,-Tracings of oscillograms of AE versus time 
for Ti(IV)/Ti(III) in 0,88 II sulfuric acid and 0,50 H tar­
taric acid, l.1:- mil Ti(IV) and 18,8 mil Ti(III), Data obtained 
with the following filter components: C-0.5 microParad, L- 
10 millihenries. Oscillatory transients onmited.
0 .6 0  MC
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Fig. 7.-Tracings of oscillograms of A S  versus time for discharge of 




T l  M E tm i l l i s e c . )
Fig. 8 .-Tracings of oscillograms of AE/kS^versus time for Ti(IV)/ 
Ti(III) in 0 .8 8  M sulfuric acid and 0 .5 0  K tartaric acid. Concentrations for 
cu^v ®s , i  to 5 ; > 2 ? 1*3, 0.61. and 1 A  mi; Ti(IV); 13.3,_,2.1, l8e2, 1 .3 5 ,
and 0.55 El-1 Ti(III). Values of (l/C5D^)+(l/CRD&in 10 . sec^mor^cm^ for curves 
1 to 5: 1«1, 2 .8 ,  H-.0, 1 1 . 1 2 . 0  for DC=DR= O.H^f*10”^ :m?- sec“J • and AEC 
were positive for curve 2 and negative for the other curves
&
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depend on frequency - This  seems to  be so f o r  f r e q u e n c ie s  s tu d ie d  th u s  
f a r ,  i „ e . s up t o  1=2 megacycles per s e c -
I f  t h e r e  i s  a charge  t r a n s f e r  r e a c t i o n ,  t h e  n e t  s h i f t  o f  mean po­
t e n t i a l  i s  a  com bination  o f  th e  s h i f t  o f  p o t e n t i a l  o f eq„ (3-13) and 
o f eq- (3-14)o The te rm  between b ra c k e ts  i n  eq- (3 -10 )  now i n ­
c lu d e s  , and eq„ (3 -11) i s  r e p la c e d  by
~ ( A E “ ’~ ,£sE0 c r I ”a- " r t ~
There fo l lo w s  t h a t  A E -AEh a t  t  = 0 , and A E  f o r  t 0 0
The s h i f t  o f  mean p o t e n t i a l  upon i n t e r r u p t i o n  o f  th e  a l t e r n a t i n g  c u r ­
r e n t  when A  E ^  i s  p r a c t i c a l l y  reached  i s  -A E ^ „
These c o n c lu s io n s  from th e o ry  a r e  borne out e x p e r im e n ta l ly  as 
F ig -  7 shows „
3) R e c t i f i c a t i o n  V oltage  i n  th e  Absence o f Coupled Chemical R eac tion  
a -_ In f lu en ce_ o  f  Applied Voltage -
The g e n e r a l  e q u a t io n  (3 -4 ) fo r  the  r e c t i f i c a t i o n  v o l ta g e  can be 
w r i t t e n  a f t e r  in t r o d u c t io n  o f th e  r ’s and y ' s  from f a r a d a i c  impedance 
th e o r y  in  th e  form:
C0 D0^  u  -o<U, 9± |-  -n. F ,2-J i= t-l
^  R.T A 1 Lf
where © i s  th e  phase s h i f t  between c u r r e n t  and v o l ta g e  as d e r iv e d
S i
i n  t h e  f a r a d a i c  impedance th eo ry -
I t  fo l lo w s  t h a t  0 when and c ( , -  0 -5 , as




p r o p o r t i o n a l  t o  V . -  I f  th e  c e l l  r e s i s t a n c e  i s  much l a r g e r  than  th e
Uk
combined impedance o f th e  fa ra d a ic  impedance in  p a r a l l e l  w ith  th e  
double la y e r  c a p a c ity , A E ^ i s  a lso  p ro p o rtio n a l to  th e  square o f th e  
c e l l  vo ltage,,
These two p ro p o r t io n a li ty  r e la t io n s h ip s  were always v e r i f ie d  e x p e r i­
m en ta lly  fo r  th e  T i (IV) -  T i ( I I I )  couple and the H^, ( I )  d isc h a rg e „
Some experim ental r e s u l t s  a re  g iven in  F ig . 9 and Table I .  I t  was
assumed in  th e  c a lc u la t io n  of th a t  1/ m) c^ 4 \ 2  , Z being  th e  fa ra d a ic
=2impedance. In  th i s  in s ta n c e  c-  ^ = 27 .0  m ic ro fa rad s , cm” (Table I I ) .
— 2I t  i s  to  be noted t h a t ^  i s  p ro p o rtio n a l to  V^ fo r  values o f V^
exceeding 50 m i l l iv o l t s  whereas i t  was assumed in  th e  th e o ry  th a t  V  ^
does no t exceed a few m i l l iv o l t s .  Third o rd e r e f f e c ts  m ust, th e re fo re ,  
be q u ite  n e g l ig ib le .
b)_Influence_o_f Frequency
9The e f f e c t  o f  f req u en cy  on Zi E ^  was examined by B arker o n ly
b r i e f l y  and i n  g r e a t e r  d e t a i l  by D elahay, Senda, and W ei3.'1'0 Two
te rm s i n  e q u a t io n  (3-16) must be c o n s id e re d ,  namely V and c t n Q
A &
The v o l ta g e  V depends on th e  double  l a y e r  d i f f e r e n t i a l  c a p a c i ty  c
rt -i
and th e  f a r a d a i c  impedance Z and can e a s i l y  be c a l c u l a t e d .  Two extreme 
ca se s  a re  o f  i n t e r e s t ,  namely l /& J  Z and l/GU c-  ^ Z, which
co rrespond  f o r  a c o n s ta n t  c e l l  c u r r e n t  t o  A.C. c o n t r o l  and A.V. c o n t r o l ,  
r e s p e c t i v e l y .  Two l im i t i n g  ca se s  w i l l  be c o n s id e re d ;  d i f f u s i o n  con­
t r o l  o f  t h e  f a r a d a i c  impedance forOU-> 0 and c o n t r o l  by k i n e t i c s  o f
^G. C. B ark e r ,  T ra n sa c t io n s  of the  Symposium on E le c t ro d e  P r o c e s s e s . 
P h i l a d e lp h i a „ May 1959, E. Y eager, e d i t o r ,  W iley, New York, I960.
■^P. Delahay, M„ Senda, C» H. Weis, J„ Am. Chem. S o c . „ in  course  
o f  p u b l i c a t i o n .
4-5
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Fig. 9.-Variations of <aEo®with the cell R.F. voltage 
(log—log plot) for 0.7 ini-; Ti(IV) plus 18.8 m'; Ti(III) in 
0.88 II sulfuric acid and 0.50 M tartaric acid at different 
frequencies (in megacycles per sec.)
TABLE I
V a ria tio n  of w ith  VA f o r  0 .7  mM T i(lV ) p lus 18 ,8  mM T i ( I I l )A
in  0 .88  M H^SO^ and 0.50M t a r t a r i c  a c id  a t  d i f f e r e n t  f re q u e n c ie s .
f UA -& S  00 VAM.C. VOLTS mV. mV. VOLTS/VOLTSi
ACTUAL AVERAGE
.01 . 040 .42 15. 1.93 1 .79
*075 1.3 28. 1.65
.02 .070 .27 13. 1.63 1 .72
.13 1 .0 24. 1.75
.20 2 .4 37. 1 .78
.05 .19 .30 14. 1.52 1 .67
.29 .80 22 . 1.74
.48 2 .3 36. 1.83
.90 7 .0 67. 1 .57
.1 .36 .28 13. 1.57 1 .60
1 .1 2 .6 40. 1.58
2.3 1 2 . 85. 1.66
.2 .48 .20 8 .8 2.57  1 .86
1 .4 1 .0 26 . 1.51
2 .2 2 .8 40. 1 .71
3 .4 6.4 63. 1.63
.5 1 .2 .14 8.9 1.82 1 .59
2 .1 .36 16 . 1 .50
4 .0 1.3 30. 1.49
6.5 4 .0 48. 1.73
1 . 1 .6 .05 5.9 1.43 1.77
3 .6 .24 13. 1.35
4 .8 .8 18. 2 .54
TABLE I I
D if f e r e n t ia l  c a p a c ity  of th e  supporting  e le c t r o ly te  (0.88 M HgSO  ^
& 0,50 M t a r t a r i c  a c id )  fo r  th e  Ti(IV ) /  T i ( l l l )  system a t  250 
cy c les  p e r s e c .
E
V olts v s .  S .C .E .
C1 „ -2  JA-Ecm.
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TABLE I I I
Data fo r  ^  E ^ f o r  th e  d isch arg e  of ImM Hg^** in  1 .14  M HCIO  ^ fo r  two e le c tro d e  a re a s
DROP AGE 1.30 sec . 3 .7 0  sec .
DROP AREA 1.02 x 10"2 cm2 2.06 x 10 "*2 cm2
i
M C ,
UA - A E « ,  - A E ^ / x J  
v o L T i  i o '^ v / Ahr - r i
-  a  E -  a  e
v o l t s
0.15 .065 .050 3 o6
.10 .125 
.145 .30
.125 .050 4 .0  
.25 .22 
.32 .33
0.30 .11 .050 1 .4  
=19 .175 
.24 °30
.21 .050 1.5 
.38 .175 
.48 .32
0.60 .17 .050 0.4B 
.32 .175 
.44 »30
.34 . 050 0.49 
.50 .10 
.95 -38
1.00 .40 .100 o . ia  
.54 .20 
.80 .40
.65 .050 0 .18 
.90 .125 
1 .6  .43
1 .50 .75 .15 0.076 
1.15 -35
1.3 .11 0.077 
1 .6  .15
-c-c©
charge t r a n s f e r  fo r  G O O n e  has c tn  © 1 f o r  d if fu s io n  c o n tro la
Snd “  o Vt r  ° p A
^  E o o  \  _  'vy F R*^R ^  _|  7 j
u 1  J “  S R T  r °  iV^ +  c ° D D'/£
VA '  CO —> O O R R
Since V ^ s l^  /W c^ fo r  l / a j  c-^  Z, being th e  am plitude of th e  a l ­
te r n a t in g  c u rre n t d e n s ity ,  A E ^ j /  1^ i s  p ro p o rtio n a l to  l/oi^ fo r  
d i f fu s io n -c o n tro l le d  p ro c e sse s . C onversely, V 1^ Z fo r l / £ t > c ^ 2  
w ith  Z p ro p o rtio n a l to  l/G o ',a for a d i f fu s io n -c o n tro l le d  p ro cess ,
and /  1^ i s  p ro p o rtio n a l to  l /o )
a
I f  OO -> «•© , one has ^  0 fo r  any f i n i t e  I .  , and consequentlyA A
0 , F u r th e r ,
( ^ ^ 1  = 7 k r ^ ' ' )  ( 5 ‘ I S )
'  ; i o - » «  4 K T
. 2
At s u f f i c i e n t ly  h igh  f r e q u e n c ie s ,^  E ^ /  v a r ie s  l in e a r ly  
w ith  1 / c o ^  Thus, one has ( l + c t n  © . ) / ( ! +  c tn 2 ©  l / c t n  && 3
fo r  c tn  0  Is an£i th e re  fo llow s
i E L  L J  +  — !— ) J —  ( j - i
provided th a t  CAJ^^>10^ k° * (Dq -  = 10  ^ cm, s e c , , C° = C^),
” 2 '/Under th e se  c o n d itio n s , £» v a r ie s  l in e a r ly  w ith  l / c o 2-,
/ '/The t r a n s f e r  c o e f f ic ie n t  o (  i s  ob ta ined  from th e  In te rc e p t  a t  l / t y 4-- 0 
and 1° i s  then  c a lc u la te d  from the slop® of th is  p lo t .  As a v e r i f i ­
c a tio n , of can a lso  be determ ined from th e  v a r ia t io n s  o f 1° w ith  * a
re a c ta n t c o n c e n tra tio n .
P o ss ib le  d isp e rs io n  of th e  d i f f e r e n t i a l  c a p a c ity  of the double 
la y e r  w ith  frequency should n o t be overlooked in  th e  c a lc u la t io n  of
50
a t  d i f f e r e n t  f re q u e n c ie s »
E xperim en tal d a ta  in  F ig , 11 fo r  the  d isch a rg e  o f Hg ( I )  on
m ercury con firm  th e se  c o n c lu s io n s „ At low mercurous ion  c o n c e n tra tio n s
*" 2th e  c o n d itio n  1 /tjki Z i s  approached, and ^ E ^ /  I  should  and i s
2
p ro p o r tio n a l to  1/ cjO <> C onversely  a t  h ig h e r  mercurous io n  c o n c e n tra tio n s
-  2
th e  c o n d itio n  l/£*»c^)>> Z i s  approached, and A E ^  /  I  should  and 
does approach the 1/ OJ dependence0
On th e  o th e r  hand a t  low er c o n c e n tra tio n s
( A g - / < ) c ^ o  
become independent o f th e  mercurous ion  co n c e n tra tio n  s in c e
C°o Do « C r Dr* (B- lo )
and th e  second f r a c t io n  in  e q u a tio n  (3-17) should approach th e  value one.
This i s  c o n s is te n t  w ith  th e  experim en ta l o b se rv a tio n  th a t  in  F ig , 11
+2
th e  cu rv es  f o r  0«2, 0 o08 and 0„04 mMHgj co in c id e  w ith in  ex p e rim en ta l 
e r r o r „
-  2
E x t r a p o l a t io n  o f  A  E ^ /  toCO- 0 f o r  th e  d a t a  a t  c o n c e n t r a -
+2  —  2
t io n s  o f  0 U2, 0 ,08  and 0 ,04  mMHg^  gave th e  l im it in g  value
“1 /'• 20 -H  5 v o l t  f o r  an  assumed d i f f e r e n t i a l  c a p a c i ty  o f  160 m ic ro -
f a r  ad 0 csn,'’’' .  Th is  i s  the  l i m i t i n g  va lue  nF/4RT f o r  n = 2 i n  th i3
case,. No a c c u r a te  v e r i f i c a t i o n  was p o s s ib l e  because  th e  d oub le  l a y e r
c a p a c i t y  cannot be m easured in  t h i s  c a s e ,
_  2 Q
c ) J V a r r a t io n s  o f^ E o o /_ V ^  w i t h ^ h e  J^&tio_pQ j_  „
V a r i a t i o n s  o f w i th  th e  r a t i o  C® /  , i „ e „ ,  w i th  th e
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l°«-Plot logCAiU/lA) versus logco for the dis­
charge of IIga_at different_concentrations (mil per liter) in 
1*1*+ h perchloric acid* negative for ail concentrations
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Fig. 11.-Plot of (kRT/nF) ) against (nF/RT) (Se-S^) for different
values of ki/(2^D), D being the common value of Dc and DR.<=i=^ 0m2^. Values 
of k^/CRcoD) for curves 1 to 9:°<?,1, °*5> 0.2, 0.1, 0.05, 0.02, 0.01, zero.
v-nro
d e riv e d  from th a t  of B a rk e r^  who c o n s id e re d ^  E , ^  (which van ishes fo r
— 2C J J ^ o a )  r a th e r  th a n  ^ E , ^ /  . Two lim it in g  cases w i l l  be considered?
GO 0 and CO oe  f o r  which e q s . (3-17) and (3-1S) app ly , r e s p e c t iv e ly .
-i
, 2
/  V. fo r  GO 0 v a r ie s  w ith
This q u a n ti ty  approaches +  1 fo r E i t  and i s  eq u a l to  zero  fo rri 0




eq u a tio n  (3-17) a p p lie s  fo r  o j-^ e » c , and ^ E ^ /  V4 ^  0 fo r  0»5<
—  2
An in te rm ed ia te  curve having th e  l in e s  ^ E ^ /  = +nF/4RT as asym ptotes
i s  ob ta ined  f o r  mixed c o n tro l  of th e  fa ra d a ic  impedance by mass and
charge t r a n s f e r  (F ig . 1 1 ). A ll curves in te r s e c t  a t  th e  p o in t having 
-  2th e  o rd in a te  &  -  (nF/4RT) (2t»C-l) and th e  a b sc is sa  such th a t
U~*[j t £ (e . - e*)J = (3' ai)
The param eter th u s  can be computed in  two ways from th e  co o rd in a tes  
of t h i s  in te r s e c t io n  p o in t.
Experim ental curves fo r  th e  T i(IV ) -  T i ( I I l )  couple in  F ig . 12 
have th e  same g e n s ra l shape a s  th e  t h e o r e t ic a l  cu rves of F ig . 11, 
and e x h ib i t  a s in g le  in te r s e c t io n  p o in t. The va lues 0(_ = 0.25 and °C= 
0.46 were c a lc u la te d  from th e  abs 'c issa  and o rd in a te  r e s p e c t iv e ly ,  of 
th e  in te r s e c t io n  p o in t .  No conclusive  in te r p r e ta t io n  can be given fo r  
t h i s  d iscrepancy  but a t  l e a s t  two p o ss ib le  ex p lan a tio n s  can be o ffered?
l l j rhe same as no te  9 in  t h i s  c h a p te r .
0 . 0 1  0 . 1  I 1 0
C T i ( I V ) / C T i ( | | | )
Fig. 12.-Plot of against C r^ tIS) /CTX(ui) for
Ti(IV)-Ti(IlI) in 0 .8 8  M sulfuric acid and 0 .5 0  M tartaric 
acid for different frequencies (in megacycles per sec#).
^ tx (.nr) ^ Tx (nr) =  ^9  • 5 roll
55
th e  in flu en c e  of absorbed t a r t a r i c  ac id  which com plicates the  in te rp r e ­
t a t i o n  o f th e  charge t r a n s f e r  p ro cess , and the p o s s ib i l i t y  o f a chem ical 
r e a c t io n  preced ing  or fo llow ing  th e  charge t r a n s f e r  r e a c t io n „
4) L im ita tio n s  r e s u l t in g  from th e  C e ll R e s is ta n c e .
L im ita tio n s  are imposed by two co n d itio n s  fo r  th e  tim e t  a t  which 
4 ! ^ i s  m easured; t  must be long enough to  allow  A  E„^, to  be reached 
but t  must be s h o r t  enough to  p reven t u n d es irab le  lo c a l  h e a tin g  of th e  
so lu tio n ., C o rrec tio n s  could p o ss ib ly  be worked ou t when th e se  two con­
d it io n s  are  not s a t i s f i e d  and the  l im i t  o f m easurable I ° 's  could be
a
in c re a s e d „
Attainm ent of A  E ^  does nob r a is e  any  problem fo r  f a s t  re a c tio n s  
s in c e  th e  charg ing  of th e  double la y e r  i s  then very  ra p id  under proper 
c o n d it io n s „ F u rth e r th e  a l te r n a t in g  c e l l  c u rre n t must p r a c t ic a l ly  
a t t a in  i t s  s te a d y -s ta te  v a lu e „ S te a d y -s ta te  i s  reached w ith in  1 per 
cen t fo r  t  )  5 r  c s r  be ing  th e  t o t a l  r e s is ta n c e  of the c i r c u i t  con­
n ected  to  th e  a l te r n a t in g  cu rren t g en e ra to r and. £ ,  fo r  c o n tro l  of I  = 0, 
th e  c a p a c ity  eq u iv a len t to  th e  s e r ie s  com bination of the double layer 
d i f f e r e n t i a l  c ap ac ity  and th e  cap ac ity  in  s e r ie s  w ith  th e  c e l l  (Block­
ing c a p a c ito r) ., The l a t t e r  c a p a c ity  which g e n e ra lly  need no t exceed 
OoOl m icro farad  fo r  a c e l l  w ith a dropping mercury e le c tro d e  i s  de­
te rm in a tiv e , and th e  c o n d itio n  fo r s te a d y -s ta te  a tta in m en t f o r  usual 
va lues o f r  ( r  -  100 ohms) i s  t  ^  5 m icroseconds„ This i s  no t a 
s tr in g e n t  c o n d itio n .
The upper l im i t  of t  i s  g e n e ra lly  determ ined by th e  maximum allow ­
ab le  r i s e  in  tem pera tu re  o f th e  e le c t r o ly te  near th e  e le c tro d e . The
change in  e q u il ib r iu m  p o te n t i a l  due t o  te m p e ra tu re  r i s e  must indeed  be
sm a ll in  com parison w ith  S in ce  ( A  E oo | ^  (nF/4RT)V^ and
0 .005  v o lt$  one has J A  E ^  I ^  lOOn to  200n m ic ro v o lts .  F u r t t e r l  dE /
1 I  * 6
d t j 1 m i l iv o l t .  degree ^ in  g e n e ra l ,  and co n seq u en tly  one shou ld  have 
4  0 .001  to  0 .01  d e g re e . A c o n se rv a tiv e  e s tim a te  o f  the  maximum
allo w ab le  tim e fo r  measurement i s  r e a d i ly  o b ta in ed  on th e  assum ption  
th a t  th e r e  i s  no h e a t t r a n s f e r  in  s o lu t io n  and between s o lu t io n  and 
th e  e le c t r o d e ,  One has fo r  an e le c tro d e  w ith  uniform  c u r re n t  d e n s ity  
dT /d t -  0 .2 4  (1 ^ /2 ) ( l / t C ^  Ch ) a t  th e  e le c tro d e  s u rfa c e , fd being
th e  s p e c i f i c  conductance o f th e  e l e c t r o l y te ,  i t s  s p e c i f i c  h e a t ,  and 
i t s  d e n s i ty .  For in s ta n c e ,  fo r  a  1 m olar aqueous s o lu t io n  o f a
6
2 —Xs tro n g  a c id  one has a t  room te m p e ra tu re  d T /d t = 0 .3  d e g re e s , s e c .
2
or f o r  1^ “ 1 amp .cm. (an o rd er o f m agnitude f o r  f  -  1 m egacycle p er
s e c . ) ,  d T /d t ~ 0 .3  d e g re e s , s e c .^  S ince one sh o u ld  have A  T ^  0.001 
to  0 .0 1  d eg re e , A  E ^ ,  must be m easured w ith in  3 to  30 m illise c o n d s  in  
t h i s  p a r t i c u la r  c a s e .  Such m easurem ents a re  made by p u lse  te c h n iq u e s .
A c o r re c t io n  co u ld  o f co u rse  be made f o r  th e  tem p era tu re  change but 
i t  would r e q u ire  th e  s o lu t io n  of th e  boundary va lue  problem  fo r  h ea t 
t r a n s f e r .
The la rg e  ohmic drop fo r  th e  a l t e r n a t in g  c u r re n t i s  e lim in a te d  in  
th e  measurement of A  E ^  by means of a low pass f i l t e r .  Requirem ents 
f o r  t h i s  f i l t e r  become more s t r in g e n t  as the  r e s i s ta n c e  in c re a s e s  as 
one can r e a d i ly  show. Let \J  (F ig . 13) r e p re s e n t  th e  t o t a l  v o lta g e  
composed of a low freq u en cy  component E ( in c lu d in g  D. C. )  and a h igh  
freq u en cy  component V. "Low" and "high" h e re  a re  r e l a t i v e  to  th e  f i l t e r
LOW
PASS






13.-Diagram for discussion of filter limitations
c u t o f f  freq u en cy , The low pass f i l t e r  behavior can be d esc rib ed  w ith  
an approxim ation enough fo r our purpose by
E ~ *  ( * - « • )
sind. y^vv
fo r  OU>0 being  th e  cut—o ff  frequency. For a sim ple L-C low pass f i l ­
t e r  m -  2 , The fa ra d a ic  r e c t i f i c a t i o n  v o ltag e  can be w r i t te n  as
The c o n d itio n  fo r  avo id ing  spurious r e c t i f i c a t i o n  in  the  d e te c to r  and 
s a tu r a t io n  of th e  a m p lif ie r  i s
» i
By com bination of equations (3 -2 2 ), (3 -2 3 ) s and (3-24) th e re  r e s u l t s
= i  (5-4«)
Equation  (3~26) shows c le a r ly  how a tta in m en t of co n d itio n  (3-25) i s  
a d v e rse ly  a f fe c te d  by high c e l l  r e s is ta n c e .  E quation (3-26) a lso  g ives 
a sim ple b a s is  fo r  s tudy  of the fa c to rs  c o n tro ll in g  the f i l t e r  e f f i c i e n ­
cy ,
5) G eneration  of One R eactan t in  Sit.u
■ ■■ ■ 1. 1 1- ■ m 1    1 -i »i ■—■■■■■ 1 ■ 1 1 - —— — —
The r a t i o  Cq /  of “-he co n cen tra tio n s  of th e  ox id ized  to  reduced 
sp ec ie s  can be a d ju s te d  as was done f o r  th e  T i( IV )T i( I I l )  system  by 
c o n tro l  of th e  bu lk  co n cen tra tio n s  of substance 0 and R, Much labor 
would be avoided i f  one of th e  species could be prepared in  s i t u  by
59
polar© graphic technique,, Such a method i s  a p p lie d  in  A.C. polarography
12and i t  was f i r s t  ap p lied  by Randles and White in  fa ra d a ic  impedance 
measurements fo r  th e  d isch a rg e  of Ni ( I I )  in  m olten s a l t s „
In  fa ra d a ic  r e c t i f i c a t i o n  w ith  c o n tro l  a t  I  = 0 , g en e ra tio n  must 
be in te r ru p te d  because th e  DcC„ re s is ta n c e  ac ro ss  the c e l l  m ust, in  
p r in c ip le ,  be i n f i n i t e . The necessary  in s tru m en ta tio n  was developed 
as d iscu ssed  in  C hapter I I ,  (D.C, GENERATION SUB ASSEMBLY,, R esu lts  
were n o t s a t i s f a c to r y  because th e  r a t i o  Cq /  C^ b u i l t  up by pre e le c ­
t r o ly s i s  decayed ra p id ly ,  and th e  r e c t i f i c a t i o n  vo ltag e  was superimposed 
on th e  d r i f t in g  e q u ilib riu m  p o te n tia l,,  T h e o re tic a l in te r p r e ta t io n  of 
th i s  t r a n s ie n t  i s  d i f f i c u l t  because of convection  a t  th e  e le c tro d e  
( cf .  th e o ry  of p o la ro g rap h ic  maxima)„ F u rth er the p o te n t ia l  d iffe re n c e  
between drops and counter e le c tro d e  (see Fig„ 4) was so la rg e  as to  
overcome the  r e je c t io n  r a t i o  of th e  d i f f e r e n t i a l  a m p lif ie r  fo r  a com­
mon mode s ig n a lc
G eneration th e re fo re  appears q u i te  d i f f i c u l t  in  th e  method w ith  
c o n tro l  of I s 0,
E„B„ Randles and Wo W hite, Z„ E lektrochem , 59, 666 (1955)«
CHAPTER 17
CONCLUSIONS
l )  P o t e n t i a l i t i e s  o f th e  Method
The fa ra d a ic  r e c t i f i c a t i o n  method appears a s  a most prom ising  to o l  
fo r  th e  s tu d y  o f f a s t  e le c tro d e  p rocesses., R e su lts  o b ta in ed  in  t h i s  
in v e s t ig a t io n  show th a t  th e  e le c tro d e  behav io r can be s tu d ied  a t  very  
h igh  f re q u e n c ie s  under c o n d itio n s  which compare fa v o ra b ly  w ith  o th e r 
r e la x a t io n  methods,, Comparison w i l l  be l im ite d  to  th e  p o t e n t i a l i t i e s  
in  th e  s tu d y  of f a s t  e le c tro d e  p ro c e sse s , and f e a tu re s  which might be 
o f s ig n if ic a n c e  in  th e  s tu d y  o f su rfa c e  phenomena ( c r y s t a l l i z a t io n ,  
su rfa c e  coverage, e t c , )  w i l l  n o t be co n s id e red .
L im ita tio n s  imposed by the ohmic d rop  and the double la y e r  c a p a c ity
1
which were d iscu ssed  by Delahay fo r  each r e la x a t io n  method a re  la r g e ly  
e lim in a te d  in  th e  a p p lic a t io n  o f fa ra d a ic  r e c t i f i c a t i o n  to  v e ry  f a s t  
r e a c t io n s .  The method has two unique fe a tu re s  in  t h a t  (a) c o n d itio n s  
in  which th e  c e l l  a l t e r n a t in g  c u r re n t i s  p r im a r ily  c o n tro lle d  by th e  
double la y e r  c a p a c ity  do n o t p rev en t measurement o f 1° and oC b u t ina
f a c t  a re  d e s ir a b le  (A„V„ c o n t r o l ) ,  and (b) frequency d isc r im in a tio n  
by means of a low pass f i l t e r  in  th e  measurement of A E ^ e l i m i n a t e s  
th e  d i f f i c u l t y  r e s u l t in g  from a la rg e  ohmic drop and allow s th e  de­
te rm in a tio n  o f 1° and even when th e  c e l l  r e s i s ta n c e  i s  v e ry  much 
la r g e r  th an  th e  charge t r a n s f e r  r e s i s ta n c e ,
“P„ D elahay, "The Study of F a s t E lec tro d e  R eactions by R e lax a tio n  
M ethods", C hapter 5 in  "Advances in  E le c tro c h e m is try  and E lec tro ch em ica l 
E n g in ee rin g " , P , Delahay and C» V/, T obias, e d i to r s ,  In te rs c ie n c e  Pub­




An upper l i m i t  o f k& which cou ld  be determ ined  can be s e t  only a f t e r
o
fu r th e r  e v a lu a tio n  bu t i t  appears th a t  v a lu e s  of k up t o  10 or to  100
C*
cm.sec.'*' could be measured., This upper l im i t  i s  based on th e  assum ption 
th a t  f re q u e n c ie s  up to  100 m egacycles per second can be used„
2) S uggestions f o r  F u r th e r  Work
The p o t e n t i a l i t i e s  o f fa ra d a ic  r e c t i f i c a t i o n  can be f u l l y  ex­
p lo i te d  only  i f  an in stru m en t o p e ra tin g  a t  f req u e n c ie s  above 1 mega­
cycle  p e r  second i s  a v a i la b le . This w i l l  r e q u ire  some change in  
p re se n t in s tru m e n ta tio n  now a v a ila b le  in  t h i s  la b o ra to ry . A m p lifie rs , 
e s p e c ia l ly  power s ta g e s ,  a t  very  h ig h  f re q u e n c ie s  begin  to  f a i l  and 
one would have to  change to  tuned  s ta g e s  u s in g  tech n iq u es  s im ila r  to  
th o se  o f ra d io  frequency  t r a n s m i t t e r s .  This change seems to  o f f e r ,  in  
p r in c ip le ,  no e s s e n t i a l l y  new d i f f i c u l t y .  F u r th e r  a more s e r io u s  
problem may r e s u l t  from th e  n e c e s s i ty  of u s in g  v e ry  s h o r t p u lse s  to  
avoid h e a tin g  o f th e  s o lu t io n .  F in a l ly ,  th e  q u e s tio n  a r i s e s ,  a t  
very  h igh  fre q u e n c ie s  w hether form ulae d e riv ed  from F ick*s eq u a tio n  
fo r  d i f f u s io n  s t i l l  ap p ly  s in ce  m otion can no lo n g er be regarded  as 
com plete ly  random ized. Such c o n s id e ra tio n s , however, need no t be 
in tro d u ced  below 100 m egacycles p er s e c . (o r perhaps even h ig h er
fre q u e n c ie s )  s in c e  the average p a th  o f a d if fu s in g  p a r t i c le  (D -  10 ^
2  = l v =8cm. s e c .  ) fo r  t  “ 10 se c . i s  s t i l l  q u ite  la rg e  in  com parison w ith
m olecu lar d im ensions.
I t  may be concluded th a t  in  i t s  p re se n t s ta g e  of development 
fa ra d a ic  r e c t i f i c a t i o n  should  prove p a r t ic u la r ly  u s e fu l fo r  th e  s tu d y  
of charge t r a n s f e r  p ro cesses  w ithou t and w ith  coupled chem ical r e ­
a c t io n .  A p p lica tio n  to  the study  o f double la y e r  e f f e c ts  and p a r t i c -
u la r ly  to  non-Frumkin c o rre c tio n s  of th e  type analyzed in  t h i s  Labora­
to ry  should be of g rea t i n t e r e s t .  New knowledge should a lso  be gained 
by a p p lic a t io n  to  a b so rp tio n  a t  e le c tro d e s  o f  ions and n e u tr a l  sp ec ies  
in  view of i t s  very  high freq u en c ie s  which can be ex p lo red .
A P P E N D I X
F u rth e r  th e  te rm s
As noted  in  C hapter I I I  eq u a tio n  (3-A-) i s  deduced from 
eq u a tio n  (3- 3 ) in  which i s  d eriv ed  from  eq u a tio n  (3- 2 ) . 
 in  ^  1/  ^  ^  1/  ^  , and ^  1/  ^  Cq
i n  eq u a tio n  (3 - 2 ) v an ish  i f  we assume, as w i l l  be th e  case  h e re , 
t h a t  th e  I-E  c h a r a c te r i s t i c  i s  l in e a r  in  th e  c o n c e n tra tio n s  o f
t i v e  elem ents o f  the s e r i e s  eq u iv a len t c i r c u i t  fo r  th e  fa ra d a ic  
im pedance. The fo llo w in g  tre a tm e n t i s  due to  D elahay, Senda, 
and Weis.
Q uits g e n e ra lly  one has w ith  th e  conventions o f s ig n  fo r  
e q u a tio n  (1- 3 )
where r  and 3^  a re  th e  r e s i s t i v e  and c a p a c it iv e  elem ents of th e  
s e r ie s  e q u iv a le n t c i r c u i t  fo r  the fa ra d a ic  impedance ( c f .  eq .  1-3 
3-6  and 3-7)«  F u r th e r ,  i f  we assume th a t  th e  k in e t ic  param eters 
f o r  the  supp ly  an d /o r rem oval of 0 and R (d if fu s io n , homogeneous 
o r heterogeneous chem ical r e a c t io n ,  e t c . )  a re  independent of 
p o te n t i a l ,  one has fo r  sp ec ie s  i  ( S  0 or R)
c o n s ta n ts  which depend on ly  on th e  p ro cesses  f o r  su p p ly  an d /o r
0 and R ( c f . eq . 1 -3 ) .  The problem  thus i 3 to  exp ress ^
and < 5 , of  eq u a tio n  (3 - 2 ) in  term s of the  r e s i s t i v e  and c a p a c i-
V  a-
where th e  s ig n  hold f o r  0 and R r e s p e c t iv e ly ,  and h ^  and h a re
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rem oval o f 0 and R between the  bu lk  of s o lu t io n  and the e le c tro d e  
By in tro d u c tio n  of<£( Ci  from equation  (A-2) in to
O . I - - T T T  S , E  + ~  & , C 0 6 . Cb E (
one o b ta in s  a f t e r  re -a rran g em en t of term s
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( a - s )
where r ^  , r R * r Q , yR , y Q are  d e fin ed  in  co n ju n c tio n  w ith  
eq u a tio n s  (3-6) and (3-7)= The v a lu es o f ths r ' s  and y ’s are  
r e a d i ly  w r i t te n  by  comparison o f equations (A—4) and (A-5)„
By in tro d u c in g  in  eq u a tio n  (A-2) th e  r ' s  and y 's  th u s  obtained  
one d e riv e s  f o r  sp e c ie s  i  ( i s  0 o r E)
o r a f t e r  com bination w ith  eq u a tio n  (A~l)
S.Ci---\^l»e)/{zx / . ^  V  ' ) S ,E  iA-7)
A g en e ra l eq u atio n  fo r  4^1 of eq u a tio n  (3-3) can th u s  be w r i tte n  
from  eq u a tio n s  (3 -2 ) and (A -7). Equation (3-4) was derived  by 
s u b s t i tu t io n  of th e  fo llo w in g  values corresponding  to  eq u atio n
(1 -3 ) f o r  th e  p a r t i a l  d e r iv a t iv e s  a t  E :
e
* X / i E  =  -  1 1  F / K t J  ^
« > x / i C 0  = v j c \  ,  
a i / 5 c R - - - i l / c ;  ,
a i x / ^ a = - nJ )
-.(*z/iE)/(i r/dc0) = ( - f /^ t ) c “
and f in a l ly
-  ( i i / a E ) / ( ^ x / ^ C f . )  = - ( W RT) c o
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